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The work discussed in the following chapters seeks to understand the persistence of
atmospheric nitrate and its role in reactive nitrogen biogeochemistry dynamics in ecosystems
experiencing rapid environmental changes (i.e., a changing nitrogen depositional landscape and
thawing cryosphere). The ecosystems in these studies include sea ice in the western Arctic Ocean
and alpine mountain watersheds in the Rocky Mountains — both are limited by natural inputs of
nitrogen and thus sensitive to external nutrient inputs. To explore and quantify the role of
atmospheric nitrate in these remote ecosystems, I used a suite of field observations, analytical
and experimental isotopic analyses, isotopic box modeling, long-term atmospheric transport and
deposition chemistry trends. In sensitive ecosystems, the ability to quantify the extent and
persistence of atmospheric reactive nitrogen deposition is critical for understanding connections

between external contributions of reactive nitrogen and ecosystem biogeochemistry.

1. Nitrogen Biogeochemistry

Nitrogen (N) is essential for life, maintains the base of the food chain and is the most
naturally abundant element in the atmosphere as dinitrogen (N») gas. Yet, few processes can
naturally incorporate atmospheric N into the environment, with the exception of lightning and
biological fixation. N comes in oxidized and reduced forms, collectively referred to as reactive N
(RN), which undergo transformations during movement between different environments.
Biological fixation and denitrification naturally balance the incorporation of N> into the
environment in RN forms (e.g., NO3;  and NH4") and the ultimate release of N> back to the

atmosphere, respectively (Figure 1).



Nitrogen Gas Figure 1: Simplified N cycle
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However, anthropogenic RN sources, primarily originating from fossil fuel combustion and
fertilizer synthesis and use, have caused an imbalance to the global N cycle — a problem dating
back as early as the Industrial Revolution and turn of the 20" century to meet demands for
energy and food production (Fowler et al., 2013). The compilation of impacts on air, land and
aquatic systems induced with each additional RN atom in the environment before being returned
as unreactive N» is referred to as the “Nitrogen Cascade” (Galloway et al., 2003). Natural sources
of RN emissions include lightning, soil emissions (i.e., microbes), and biomass burning.

From an atmospheric perspective, gaseous forms of RN such as nitrogen oxides (NOx =
NO + NOy) and ammonia (NH3) are emitted into the atmosphere, chemically transformed,
transported, and then deposited (as wet or dry deposition), distributing these species onto the
landscape. The oxidation of NOx eventually results in nitrate (NO3") and particulate-nitrate (p-
NOzs7) deposition in wet forms of rain, snow and hail, or as dry deposition. Similarly, the
neutralization of ammonia gas (NH3) and particulate-ammonium (p-NH4") eventually deposit as
NH;4" in either wet or dry forms. Both NO3™ and NH4" are important biologically and their
abundance and accumulation in the environment results in a suite of ecological impacts including

biodiversity losses, acidification of soils/surface waters and eutrophication of N-limited coastal



areas and lakes (Galloway et al., 2003; Hastings et al., 2013). The gaseous forms of RN also
contribute to increased aerosol or particulate formation and ozone (O3) production, impacting air
quality and human health; and nitrous oxide (N>O) released from enhanced biological processing
(e.g., nitrification, denitrification) has implications for climate (Fiore et al., 2012; Palacin-
Lizarbe et al., 2020).

In order to regulate RN emissions and deposition chemistry and reduce the impact on
sensitive environments, it is important to understand the origin of source contributions and
atmospheric chemistry processes that ultimately propagate the formation and deposition of RN
that results in ecological impacts. From an atmospheric perspective, we seek to understand the
influence of gaseous NOy emissions, the chemical formation of nitric acid/nitrate (HNO;, i.e.,
nitrate (NOj37)) in the atmosphere, and the ultimate fate and distribution of NO3™ into ecosystems

experiencing rapid changes.

2. Atmospheric NOx chemistry
Upon emission into the atmosphere, numerous chemical transformations can take place dictating
the lifetimes of RN species such as NOx (=NO+NO,) (Jacob, 1999). The atmospheric lifetime of

NOx against deposition as NOs" is typically short, ranging from a few days up to a week.
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NOx cycles rapidly between NO and NO; upon release in the atmosphere (Figure 2):

NO + O3 — NO; + O (R1)
NO; +hv——> NO +O (R2)
0+0;+M—0;+M (R3)

Reactions R1-R3 reflect the null cycle of O3, allowing for rapid interconversion between NO and
NO: during the daytime. Reactions R4-R6 reflect O3 production and conservation of NOx that
takes place if NO» reacts with HO> and RO; atoms, although typically this is a minor pathway

compared to NO oxidation via Oz (Alexander et al., 2009):

HO, + NO —— NO, + OH (R4)
NO, + hv —— NO + O (R5)
0+0,+M— 0;+M (R6)

The oxidation of NOx to HNOs is the major sink of atmospheric NOx, which differs under light
and dark conditions. During the daytime, formation of HNO; via OH oxidation is the dominant
removal process of NOx (R7), whereas O3 chemistry dominates at night (R8-R10):

Daytime:

NO; + OH + M —— HNOs + M (R7)

Nighttime:

NO; + 03 — NOs + 05 (R8)
NOs + NO; + M & N;0s + M (R9)
N2Os+ Ha0 222%% 2HNOs (R10)

This nighttime process (R8-R10) does not occur during the day because rapid photolysis of NO;
would occur leading to NO»> formation (R11):

NO; + hy —> NO; + O (R11)



These NOx cycle reactions have a significant impact on the oxidizing capacity of the atmosphere,
which determines the atmosphere’s ability to remove various pollutants. Any HNO3 formed via
these reactions is readily deposited onto the landscape via wet or dry deposition, enhancing the

accessibility (and environmental impact) of this desirable macro-nutrient.

3. Stable isotopic tracers of nitrate (A'’0, 5'30, 5!5N)

Precipitation chemistry, particularly in the U.S. and Europe, is monitored for
concentrations of acidic species, such as HNO3 (NOs™ in dissolved form). However, NOs3"
concentration in precipitation alone does not exhibit clues regarding the initial NOx source
emissions or the atmospheric oxidation chemistry involved during the conversion of NOy to
HNO3/NOs". Stable isotopes of N (8'°N) and oxygen (O) (830, A70O) in NOj3 present an
opportunity for disentangling this information.

Two stable isotopes exist for N (**N and '"N), while O has three (10O, 17O and '30),
where the lightest forms (e.g., "*N and '°0) are the most naturally abundant relative to the
heavier, less abundant (**N, 70O, 180) forms. The relative abundance of these masses is presented
in delta notation: & = (Rsample/Rreference — 1) X 1000%0, where R is the ratio of the less abundant
relative to the more abundant isotope (e.g., '’N/'*N) and reference standards used for N and O
include N in air and Vienna Standard Mean Ocean Water (VSMOW), respectively.

The discovery that ozone (Os3) has an influence on the abundance of rare isotopes of O
(7O and '30) that is transferred to oxidized species during atmospheric photochemical reactions
has been instrumental to advancing the field of atmospheric geochemistry (Clayton et al., 1973;
Thiemens and Heidenreich, 1983). O3 is an important oxidant in the atmosphere and has an

elevated 70O and '"®0 composition relative to other oxidants (O2, H,O, OH, ROz), which fall



along the mass-dependent, Terrestrial Fractionation Line (TFL: §!70 = 0.52 x §'30), defining
the predictable fractionation behavior of terrestrial materials (Michalski et al., 2004; Figure 3).
This deviation or anomaly describes the excess 'O present in trace gases relative to %0 and is
defined as A'70 (A'70 =870 - 0.52 x 8'80 # 0%o). Consequently, the oxidation of NOx via O3
results in NOs™ deposition that contains a '’O anomaly (i.e., A'’O >0%o) and acts as a
conservative tracer of this interaction and atmospheric source (Michalski et al., 2003). This
unique tracer has made significant contributions to our understanding of atmospheric chemistry
and oxidation capacity of the atmosphere in both field and modeling studies (Kunasek et al.,
2008; Geng et al., 2014, 2017; Fibiger et al., 2013; Alexander et al., 2009, 2019), as well as,
gaining insights into the fate of atmospherically oxidized NO;3™ in biogeochemical work

(Michalski et al., 2004; Hundey et al., 2016; Bourgeouis et al., 2018; Clark et al., 2020).
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Figure 3: 5'70 vs 8'%0 of nitrate illustrates the typical mass-dependent relationship (570 = 0.52 x §'30)
defined by the terrestrial fractionation line (TFL, black line) and the deviation (dashed line) showing §'70 —
0.52 x 8'"%0 (or A'70). Atmospheric oxidants: O3, Oz & ROz and OH & H:O are reflected by purple triangle,
green dot and yellow oval, respectively while samples are blue circles. Symbols that fall on the dashed line
exhibit the excess '’O anomaly (i.e., have a A'’O > 0%o). Adapted from Michalski et al., 2004.



An interest in understanding the fate of atmospheric NOs3™ has stemmed from a legacy of
atmospheric pollutants (resulting in acid rain) having a major impact on the ecological and
biogeochemical functioning of ecosystems, as well as the development of isotopic tools to trace
both source origins and fate within the environment. The complete isotopic composition of NO3-
(8N, 8'80, A!70) provides a wealth of information that can lend insight into NOx sources and
photochemical oxidation chemistry, as well as biological transformations within the environment
(Figures 1-3). Recent studies have significantly improved our understanding of the §'°N of
specific NOx sources (Fibiger and Hastings, 2016; Miller et al., 2017; Miller et al., 2018; Chai et
al., 2019), which are thought to experience minimal fractionation during transformation to
atmospheric NOj3" prior to deposition. In addition, 3'#0 and A'7O provide information specific to
the oxidation pathways, which differ by season and atmospheric oxidants present (Michalski et
al., 2012). Typical 8'80 of NOs™ values range from 25 to 115%o (Michalski et al., 2012 and
references within) compared to biologically cycled NO3™ ~0%o in seawater (Casciotti et al.,
2002). NOs™ deposition in the mid- to high- latitudes has A!’O ranging between 22 - 40%o
(Michalski et al., 2012; Fibiger et al., 2013), compared to A'’O = 0% for biologically produced
NOs". The production of NOs~ from NH4" oxidation (i.e., nitrification) adopts a 6'30 resembling
ambient water (-1 to 1 %o) (Sigman et al., 2009; Casciotti and Buchwald, 2012). During
assimilation or denitrification, consumption of NO3™ discriminates against heavy N and O
isotopes equivalently and in proportion to NO3™ consumption; this results in an increase in §'°N
and 6'%0 of NOs™ remaining (Granger et al., 2004, 2008). In contrast, A'’O of NOs™ remains
constant or unaffected during biological production and consumption because the fractionation is
mass-dependent (i.e., §'’O and §'80 change mass-dependently). N and O isotopes thus provide

complementary tracers to identify sources and cycling of NOs™. A'70 is an effective tracer of



atmospheric NOj3 in ecosystems because any quantifiable A!’O composition indicates ‘uncycled’
atmospheric NOs™ is residing in the system and as such, only non-atmospheric sources of NO3
(containing a A'’O = 0%o) may act to dilute this high A0 signature (Michalski et al., 2003).

The conservative behavior of the A'’O anomaly allows for the quantification of the
percent of NOs™ that originated from the atmosphere (Michalski et al., 2003; Michalski et al.,
2004). In this dissertation, this quantification is referred to as percent atmospherically derived
NOs™ (%AD) and described by equation (1) below. This calculation can be conducted if the
atmospheric composition has been well-constrained using atmospheric sample types (e.g., snow,
aerosols or rain) and most often involves comparing the A!’O in a sample relative to a mean
atmospheric value (Michalski et al., 2004).

(1) %AD = (A" Osampte / A'"Oaim sample) X 100%

A challenge commonly encountered with natural samples is the characterization of A'7O
in low concentration samples. Current methods used for quantifying this anomaly have relatively
significant sample size requirements (e.g., 50-300 nanomoles), and often require pre-treatment of
the sample (e.g., resin column concentrating) to obtain a quantitative measure of this feature.
Unfortunately, pre-treatment protocols often introduce matrix blank and fractionation effects that
are not easily correctable and are challenging to conduct if sample volume is limited. To
overcome this challenge, an alternative approach using isotope dilution was created (Chapter 3).
Using this approach, samples are not pre-treated and samples with as little as 6-10 nanomoles
can be analyzed with the aid of a reference spike in the sample solution with an uncertainty of
+12-15% or 2-3%o. While this uncertainty is somewhat larger than typical methods, the lack of

pre-treatment enables the analysis of low concentration and volume limited samples, which



otherwise may not have been possible at all. This method was developed during and

implemented on alpine glacial samples from the Rocky Mountains (Chapter 5).

4. Sensitivity of ecosystems to external N sources

Alpine mountain and Arctic environments are rapidly changing due to a warming climate
and thawing cryosphere (IPCC, 2019). Consequently, these naturally remote ecosystems
represent harbingers of this change. The flow of nutrients associated with cryosphere changes,
atmospheric deposition and surrounding terrain will be affected in environments experiencing
these rapid changes, such as alpine lakes (Burpee and Saros, 2020), and Arctic Ocean
environments. Remote alpine lakes are particularly sensitive to atmospheric inputs (especially N)
resulting in altered biogeochemical cycles and algal taxa present as observed in paleolake
records, as well as, present day monitoring programs (Moser et al., 2019; e.g., Baron et al.,
2009). Similarly, sections of the western Arctic Ocean (e.g., Beaufort Gyre) are N-limited and
sensitive to external inputs, but much less work has been done to study the impact of
atmospheric N in the open Arctic Ocean or in Arctic sea ice. Reductions in sea ice extent and
surface ocean warming in the Arctic Ocean have implications for surface primary production,
polar fauna, shipping routes, and cultural fishing resources (IPCC, 2019). In order to understand
a potential driver of change within these ecosystems, isotopic tracers of RN allow for the
successful tracking of atmospheric NOs3™ in both systems (Chapters 2, 3 and 5), box modeling and
mixing curve tools reveal insights on biological and physical dynamics in Arctic sea ice (Chapter
2), and precipitation chemistry and atmospheric transport modeling over time lend insight into
whether transport changes dictate atmospheric trends that influence biogeochemistry in alpine

surface waters (Chapter 4).
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4.1 Fate of atmospheric nitrate in Arctic sea ice

Due to its proximity to industrialized emission sources, previous studies have suggested
that NO3™ in sea ice originates from the atmosphere in the Northern Hemisphere (e.g., Nomura et
al., 2011). As sea ice continues to thin and sea ice distribution declines, the role of atmospheric
NOs in sea ice may become an important nutrient source in regions of the Arctic where macro-
nutrients, such as N, are in short supply and high demand. Sea ice cores collected during a
GEOTRACES Arctic Cruise are used to investigate the provenance of NO;3™ in late-summer
Arctic sea ice (Clark et al., 2020). Indeed, atmospheric NO;3™ resides in all sea ice samples, but
constitutes a surprisingly small proportion relative to NO3™ that is microbially-produced from
NHa4"(i.e., nitrified and making up >40%) (Chapter 2). Though further investigation is proposed,
the role and possible significance of atmospheric NH4" as a driver of this biological activity is
discussed. These results suggest that atmospheric NO3™is not as important to the sea ice N
budget as previously hypothesized (and potentially surface primary production), however
additional constraints are needed to fully address the implications of sea ice melt as a budgetary

perturbation to surface primary production in the Arctic Ocean.

4.2 Shifts in the reactive nitrogen deposition landscape

Since the implementation of the Clean Air Act and the National Atmospheric Deposition
Program (NADP), precipitation chemistry has been heavily monitored across a vast network of
monitoring locations. The development of the Clean Air Act has helped enforce stringent air
quality regulations heavily focused on reducing precursory emissions of acid rain (SO> and
NOx). As a result, national trends in wet deposition of inorganic N have changed over broad

spatial scales with dramatic decreases in NO3™ (due to declines in NOx emissions from industry
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and vehicles) and steady increases in NH4" (Du et al., 2014; Li et al., 2016; Lloret and Valiela,
2016). This shift is most apparent in the Northeastern and Midwestern regions of the U.S.
(NADP, 2016), but is also occurring at smaller regional scales (Du et al., 2014), and suggests
that the relative change of total inorganic N wet deposition has been steady or increasing since
the implementation of these air emission policies (Schichtel et al., 2019).

Currently, NH3 emissions are not federally regulated. Agricultural emissions continue to
dominate the U.S. and global NH3 budget (Warner et al., 2017). Newer vehicles are equipped
with three-way catalytic converters intended to reduce NOx emissions, but NH3 is released as a
byproduct upon inefficient NOx conversion, thus vehicles have become a more important source
of NH3 in urban areas (Fenn et al., 2018; Li et al., 2016). As a result, enhanced NH4" deposition
trends have been suggested to be due to increasing urban NH3 originating from vehicles and
agricultural emissions from fertilizer-applications, livestock and feedlot waste (Fenn et al., 2018;
Li et al., 2016; Fowler et al., 2013; Reis et al., 2009).

Emphasis has been placed on understanding trends across the national network, but it
remains unclear whether the hypothesized sources are driving observed deposition trends at more
regional and localized scales, such as in the Western United States, where dramatic changes in
precipitation chemistry are not as easily apparent. A subset of NADP sites (n=12) are located at
high elevations (>2500 meters) in Wyoming and Colorado and are in close proximity to large
urban and agricultural sources to the east. These high elevation (i.e., alpine) sites are typically N-
limited and thus sensitive to external loading of this desirable nutrient, which have numerous
ecological impacts. Interestingly, NO3™ concentrations in some surface waters at alpine sites (e.g.,

as observed in CO), remain elevated despite observed national declines in NO3™ deposition.
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Atmospheric N deposition is determined by emissions, chemistry, atmospheric transport,
and deposition. Prior work has demonstrated the importance of seasonal meteorology and
easterly upslope events delivering N to high elevation environments in the Western U.S. from
localized sources in spring and summer (Beem et al., 2010; Benedict et al., 2013a-b; Benedict et
al., 2018; Gebhart et al., 2011; Gebhart et al., 2014). Importantly, surface water NO;
concentrations in sensitive alpine ecosystems remain high, despite the national trend of
decreasing NOs™ deposition. It therefore remains unclear whether regional trends are reflective of
the national trends, whether these trends are driven primarily by decreases in emissions (e.g.,
vehicles) as in other parts of the country or whether atmospheric transport pathways are also
changing. Understanding these influences is critical to also then evaluating the fate and impact of
NOs™ deposition to alpine ecosystems.

In an attempt to constrain the relationship between deposition and surface water
chemistry, long-term trends in annual and seasonal deposition chemistry and transport at an
alpine NADP site in Colorado were assessed over a 20-year study period (1997-2016) (Chapter
4). Annual trends in NO3~ and NH4" concentration and deposition largely follow national
observations, but the trends are not uniform across all western and alpine sites (Chapter 4).
Concentration trends at one Colorado alpine site also exhibit annual declines in NO3™ and stable
or increasing trends in NH4" while localized westerly atmospheric transport from UT/western
CO becomes more important over this 20-year study period (Chapter 4). Similarly, seasonal
concentration trends show the same general patterns for NO3 and NH4", however spring and
summer concentrations tend to be higher and more variable.

While these results indicate local, westerly transport has become more important over

time at annual scales, it is challenging to disentangle changes in concentration trends from
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transport trends alone (event at seasonal scales) indicating that dominant seasonal trends are
likely controlled by variable transport in addition to emission sources prevalent during specific
seasons. Based on the annual transport results, additional regulatory measures of NOx and NHj3
emission sources in western Colorado and northern Utah may be required moving forward if
sensitive ecosystems, such as high elevation mountain watersheds, are to be effectively

monitored and protected.

4.3 Fate of atmospheric nitrate in alpine watersheds

As discussed above, despite declines in atmospheric NO3™ inputs, surface water NO3”
concentrations remain elevated in alpine watersheds, but the source of the NO3™ remains elusive.
In the Rocky Mountains, where N is historically limited and rapid changes due to cryosphere
thaw and atmospheric deposition are taking place, A'’O was used to quantify the proportion of
atmospherically derived NO3™ (%AD) in two Colorado alpine watersheds (Chapter 5). Field
observations reflective of atmospheric (snow, rain), glacial (glacial ice, glacial meltwater) and
surface water inputs were characterized for inorganic N concentrations (i.e., NO3", NH4" and
NOy") and the complete isotopic composition of NOs (8"°N, 8'80, A!70). The quantification of
%AD was determined across the summer season in recent (2017-2018) and historic surface
waters (mid-1990s, mid-2010s) in the Rocky Mountain alpine (Chapter 5). Atmospheric NO3
resides in these watersheds over space and time (mid-1990s, mid-2010s, 2017-2018) collectively
spanning two watersheds and three decades, but it is a minor proportion of the budget relative to
a microbially-produced source. The majority (80-89%) of surface water NO3™ is microbially-
cycled over the course of the summer season and may be driven by local increases in NH4*

deposition or organic matter remineralization from thawing permafrost/glaciers. If these trends
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are driven by atmospheric NH4" inputs, then atmospheric N deposition is still problematic and

requires federal/state regulations of NH3 emissions to mitigate future ecological impacts.

5. Implications

The proportion of atmospherically oxidized N within Arctic and alpine ecosystems was
not a dominant portion of the N budget compared to a biologically-cycled source. NH3; emissions
continue to be unregulated, NH4" deposition is increasing across national and regional scales,
and likely makes an important contribution to NO3™ dynamics in these systems — suggesting that
inorganic N deposition is still having ecological impacts despite federal regulations on NOx
emissions. Increases in long-term, short-range westerly transport to a CO alpine site also suggest
that monitoring/regulation of localized emission sources from the west should be considered
when assessing reactive N budgets.

Future work in these areas should emphasize: whether increased melting of sea ice is an
important perturbation to the N budget in the Arctic Ocean in order to constrain the impact on
surface primary production across the entire basin, whether an adequate supply of remineralized
organic matter released from glacial or permafrost thaw in alpine systems could explain/
contribute to the elevated NOs;™ source present in surface waters and how that compares to
incoming NH4" deposition, and whether other N-limited ecosystems exhibit ecological impacts

that could implicate increased NH4" deposition due to lack of regulation on NH3 emissions.

6. Summary of Appendices

Two investigations related to N inputs relevant for estuarine systems on the U.S. east coast are

also included in this thesis. Appendix I (Clark et al., 2017) introduces the characterization of
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carbon (CO, CO,, CH4) and nitrogen (NO, N>O, NH3) gas effluent during the pyrolysis of
chicken manure for biochar production. Results from this work have implications for assessing
the sustainability of biochar production as an alternative and environmentally friendly soil
amendment. Biochar has previously been shown to reduce gaseous emissions of greenhouse
gases such as nitrous oxide. Because NH3; emitted during the biochar production process can be
high, the cost-benefit of using biochar at field scale was assessed for the Chesapeake Bay region,
a hotspot of chicken manure production in the eastern U.S. Appendix II uses stable isotopes of
bulk N in an estuarine sediment core to determine whether amendments in wastewater treatment
practices are evident. Narragansett Bay, the largest estuary in New England suffers from poor
water quality primarily due to excess N loading from sewage effluent. As a result, policies have
focused on major reductions in wastewater effluent N via tertiary treatment at major wastewater
treatment facilities along the Bay. Over the last decade, N loads to the Bay have decreased by
~50%, and this study (as part of a class project) was dedicated to understanding whether this
change could be isotopically detected. The bulk N in the sediments integrates the biogeochemical
response in the Bay, indicating that the biogeochemistry has indeed responded to the important

nutrient source loading changes.
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Abstract

Atmospheric deposition has been suggested to be an important source of reactive nitrogen
stored in Northern Hemisphere land-fast ice, in contrast to Antarctic sea ice, where bulk nutrients
originate predominantly from underlying seawater. A paucity of sea ice studies in the open
Arctic Ocean limits our understanding of the potential for melting ice to contribute to primary
production in N-deplete waters of the Arctic. As part of the U.S. western Arctic GEOTRACES
2015 expedition, samples of pack ice, overlying snow, atmospheric aerosols, and underlying
seawater were collected between 82°N-89°N. To identify the provenance of N in sea ice, we
measured a suite of tracers including the isotopic composition of nitrate, ammonium, water and
particulate N. Relatively low concentrations of nitrate and ammonium were detected in sea ice
(0.1-8.2 pmol L! and 0.6-1.2 umol L', respectively), and in atmospheric samples (1.1-3.7 pmol
L' and 0.8-1.2 pmol L', respectively). Atmospheric nitrate in snow had characteristically high
A'70 and 8'30 (AOn03=8'70-0.52x3'80=27.1-33.5%0 vs. VSMOW; §'%0n03 =70.8-87.8%0),
and low 8" Nno3 (-5.9-2%o vs. N»). In contrast to the atmospheric samples, the sea ice 3'’Nnos
was typically higher (-0.3-15.0%o) and the '’Ono3s and 8'80Ono3 much lower (A7Ono3 =0-12.4%o;
8'80N03 =23.3-67.5%o0). The presence of A'”Onos in the sea ice indicated 0-40% of the nitrate is
sourced from the atmosphere, while the majority of the nitrate is non-atmospheric
(A'On03=0%o0). Based upon concentration, isotopic observations, and dynamic box modeling
with atmospheric deposition and biological processes, we find that the majority of nitrate can be

explained by in-situ biological nitrate production.
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1. Introduction

Nitrogen (N) is an essential nutrient whose availability modulates primary production in
the ocean. Reactive N is delivered to the surface ocean from the subsurface by upwelling, and
may also be introduced exogenously from rivers, biological N»-fixation and atmospheric
deposition. Nitrate, ammonium, and organic N deposited from the atmosphere originate from
both anthropogenic and natural sources, though some estimates suggest that a vast majority of
the N deposited to the world’s oceans is anthropogenic in origin (Duce et al., 2008). In the
western Arctic Ocean, reactive N at the subsurface is in short supply relative to phosphate and
silicic acid, such that surface primary production is ultimately limited by the supply of N (Brown
et al., 2015a; Tremblay and Gagnon, 2009). Atmospheric deposition of reactive N on sea ice and
at the sea surface may thus represent an important source of reactive N fueling primary
production (Tremblay et al., 2012), particularly in the oligotrophic Beaufort Gyre.

In the western Arctic, ice formation occurs in shelf polynyas, and floes are advected to
the open basin by anticyclonic winds driven by the Beaufort High — a mechanism that helps to
control the sea ice mass balance of the Arctic Ocean (Rigor et al., 2002; Moore et al., 2018).
Pronounced declines in Arctic sea ice cover have resulted in increases in patchy, thinner, first-
year ice in open water and sparser multiyear pack ice (Rosel et al. 2018; Hansen et al. 2013;
Maslanik et al. 2011). As sea ice forms, cold, salty, dense brine is drained via brine channels due
to gravity, which is replaced by warmer, fresher and less dense seawater that enters through
porous sea ice (Wells et al., 2010; Worster and Rees Jones, 2015). Convective exchange between
fresh seawater and salty brine is referred to as gravity drainage or brine convection, and is a
prominent winter desalination process in sea ice that dampens ice permeability and also assists in

nutrient replenishment (Notz and Worster, 2009; Vancoppenolle et al., 2010). Typically, gravity
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drainage/convective exchange occurs at the ice-ocean interface during ice growth, but it can be
triggered by warming at the ice surface (change in air temperature) and melt at the ice-water
interface (change in ocean heat flux) which, when tested simultaneously, were found to produce
deep convection that spanned the entire ice column (Griewank and Notz, 2013). This deep
convection caused desalination that was most prominent in the lower half (i.e., 40 cm) of the ice
column due to enhanced brine upwelling and a stark temperature gradient between top and
bottom ice resulting in strong salt advection and desalination in the lower half of the ice
(Griewank and Notz, 2013). During the melt season in the Arctic, the reduction of snow cover
can also result in surface water flushing of snowmelt causing desalination, where a high rate of
brine removal is due to flushing of the upper ice by snowmelt and of the lower ice by a water
layer formed from surface water runoft (Holt and Digby, 1985). Gravity drainage and flushing
are considered to be the most prominent desalination mechanisms for winter and summer (Arctic
only), respectively (Untersteiner, 1968; Notz and Worster, 2009). As the sea ice column warms,
brine pockets become interconnected brine channels, which, along with ice melt, allow materials
in sea ice to be released into surrounding seawater, including algal nutrients (Vancoppenolle et
al., 2013).

In Antarctic sea ice, seawater surface nutrients are important for supporting/replenishing
the cycling of N pools (Fripiat et al., 2014; 2015), with elevated nitrate concentrations (>30 puM)
at the sea surface due to bottom-water upwelling. In contrast, surface seawater nitrate
concentrations are deplete in the western Arctic (<2 uM) due to stark density contrasts in the
nutrient-rich halocline of the upper water column —a function of freshwater inputs from
surrounding landmasses, which suppresses nutrient upwelling from depth (Carmack et al., 2016

and references therein). Additionally, studies of land-fast ice in sub-polar regions in the Northern
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Hemisphere (i.e., the Baltic Sea and Sea of Okhotsk) suggest that atmospheric deposition can
contribute significantly to reactive N concentrations (Nomura et al., 2011; Granskog and
Kaartokallio, 2003; Kaartokallio, 2001; and Rahm et al., 1995). Nutrients and trace metals have
been observed to be generally elevated in Arctic multiyear pack ice in the Fram Strait and
Greenland Current relative to underlying seawater (Tovar-Sanchez et al., 2010). Sea ice also
hosts diverse microbial communities within its matrix (Deming, 2010; Thomas et al., 2010), and
a handful of Arctic (Rysgaard and Glud, 2004; Randall et al., 2012; Baer et al., 2014, 2015) and
Antarctic studies suggest that sea ice has an active N cycle (Fripiat et al., 2014, 2015; Priscu et
al., 1990).

Primary productivity has increased on the order of 20% in the shelf regions of the Arctic
Ocean due to decreases in seasonal ice cover (Brown et al., 2015a.; Arrigo et al., 2008).
Conversely, the open basins of the western Arctic have seen increased stratification and shoaling
of the nutricline (McLaughlin and Carmack, 2010; Toole et al., 2010). This dynamic is
potentially dampening primary production in ice-free regions and conferring increased influence
of the exogenous reactive N supply on primary production with the increase in the length of the
growing season. In the Northern Hemisphere, pollutant/nutrient sources from mid- to high-
latitudes can be transported and deposited as wet or dry deposition onto sea ice and incorporated
into the ice matrix (Nomura et al., 2011). The delivery of reactive N to surface waters from
external sources such as melting ice could, therefore, become more important during the melt
season (i.e., late-summer). In other words, if reactive N in Arctic pack ice is primarily
atmospheric, then it constitutes a net exogenous source of N to the ocean that could fuel new

production in N-limited regions of the Arctic as the melt season progresses.
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The provenance of reactive N in the environment can be identified from the naturally
occurring stable isotopic ratios of different N species. In particular, stable isotopic tracers of
nitrate (8'°N vs. N», 80 and §'70 vs. Vienna Standard Mean Ocean Water (VSMOW)) present
an ideal approach to distinguish atmospherically-derived nitrate from that produced biologically.
(Delta is defined in units of per mil (%o) using the following: & (%0) = [(Rsample)/(R standard)-1] x
1000, where R=1N/MN, 80/'°0 or 170/'%0.) Atmospheric nitrate is highly enriched in '*O and
170 relative to other sources, with typical 3'0 values between 25 to 115%o (Michalski et al.,
2012, and references therein), compared to lower values (e.g., ~0%o) for biologically cycled
nitrate in seawater (e.g., Casciotti et al., 2002, DiFiore et al., 2009). Moreover, atmospheric
nitrate carries an anomalous “excess” of 8!70 relative to 8'30 due to interactions with
atmospheric ozone, which is quantified as A0 =870 - 0.52x5'30 # 0 (Michalski et al., 2003).
Nitrate deposition in the mid- to high- latitudes has A'7O ranging between 22 - 40%o (Michalski
et al., 2012, Fibiger et al., 2013), compared to A’O = 0%o for biologically produced nitrate. The
isotopic composition of nitrate is also sensitive to biological transformations. Nitrate produced
biologically by nitrification (the oxidation of ammonium to nitrite then nitrate) adopts a 6'*0
signature akin to ambient water (-1 to 1 %o) (Sigman et al., 2009; Casciotti and Buchwald, 2012).
Consumption of nitrate, from assimilation or denitrification, discriminates against heavy N and O
isotopologues equivalently and in proportion to nitrate consumption, resulting in an increase in
85N and 6'%0 of nitrate remaining (Granger et al., 2004, 2008). The A!7O of nitrate, on the other
hand, remains constant during biological production and consumption because the fractionation
is mass-dependent (i.e., 870 and '0 change mass-dependently). N and O isotopologues thus

provide complementary tracers to identify sources and cycling of nitrate.
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Using nutrient concentrations and isotopic observations (nitrate, ammonium, particulate
nitrogen, water) in sea ice and atmospheric samples collected during the Arctic GEOTRACES
2015 cruise (USCGC HLY1502), we investigate the provenance of nitrate in pack ice between
82°N and 89°N and quantify the role of atmospheric nitrate. We then aim to understand and
contextualize the full suite of isotopic observations in sea ice using mixing curve and box

modeling approaches to explore physical mixing and biological mechanisms.

2. Methods
2.1 Sample Collection

Sea ice, snow, aerosols and seawater samples were collected during the 2015
GEOTRACES cruise on the USCGC Coast Guard Healy icebreaker from August 9"-October
12, 2015 (referred to hereafter as late-summer). The cruise traveled from Dutch Harbor through
the Bering and Chukchi Seas toward the north pole along the Makarov Basin and returned south
via the Canada Basin in the Arctic Ocean. Sea ice cores (intact from the ice surface to ice-water
interface, each 1-1.5 m in length) were collected at six sea ice stations (Fig. 1) between 82°N and
89°N in the Makarov and Canada Basins using a Kovacs Mark II corer (9 cm diameter). Cores
were stored frozen onboard at -20°C, then subsampled in a walk-in freezer (-20°C) with a clean
band saw and nitrate-free gloves at the UW-Isolab after arrival of the ship in Seattle, WA. Edges
(~0.5 cm) were removed from the sides to minimize potential surface contamination. Cores were
sectioned at 5 cm intervals for the top 30 cm, and ~10 cm thereafter, and transferred to pre-
cleaned, high-density polyethylene (HDPE) bottles. In expectation of concentrations being
extremely low, we wanted to minimize contamination as much as possible and thus ice samples

were not filtered (see below). Discrete complementary cores from each station were also

28



sectioned to characterize physical parameters (Fig. S1), from which brine salinity and volume
fraction (%) were derived (Eicken, 2003). Air temperature ranged from -12.34 to -1.17°C, snow

cover was 100% at all stations and snow depth atop the ice ranged from 9.4 to 15.4 cm.
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Figure 1: Sampling stations between 82°N and 89°N in the Canada and Makarov Basins during the 2015 GEOTRACES Arctic
Cruise. Latitude and station numbers include: 89.96°N (33), 88.42°N (31), 87.78°N (39), 85.74°N (42), 85.16°N (43), and
82.49°N (46). Marker colors are used in figures throughout the manuscript to identify station locations of samples.

Aerosol collections took place over 3-5 day periods along the cruise track using pre-
combusted glass fiber filters on high-volume samplers. Fourteen collections took place during
the cruise, and triplicate samples for each collection were received. Extra deployment filters
were collected with each set for blank characterization. Filters were kept frozen prior to being
extracted in 30 mL of Milli-Q (ultrapure 18.2 Q) water and filtered using 0.45 micron pore-size
syringe filters.

Snow was collected from the ice surface at each station using a pre-cleaned shovel and
transferred to a pre-cleaned polyethylene drum liner, which was sealed and transferred to the

ship. Snow was then allowed to melt at room temperature. Once melted, snow samples were
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filtered (Supor membrane, 0.2 um pore size) and transferred to 250 mL pre-cleaned, HDPE
bottles. Seawater was collected using Teflon coated Tygon tubing and a rotary pump with plastic
wetted parts (IWAKI magnetic drive pump, model WMD-30LFY-115) from a hole at each
station’s sea ice floe. The hole was made with an ice corer (Kovacs 9 cm diameter Mark 11
corer), and allowed to sit undisturbed for ~ 1 hour under a canvas tent prior to sampling. Samples
were filtered inline using Acropak 200 filter cartridges (Supor membrane, 0.2 um pore size)
from 1, 5, and 20 m below the sea ice.

Multiple ice cores were also taken at stations 39, 42, and 43 for particulate nitrogen (PN)
analyses, where PN represents organic and bulk N particulates >0.2pum. For each station, the
bottom 15-20 cm of four ice cores were combined and melted in filtered seawater, and then
filtered onto a pre-combusted Whatman QMA quartz fiber filter (nominal 1 pm pore size) and
dried at 60°C. Process and sorption blanks were obtained by passing previously filtered seawater
through the QMA filters. All samples remained frozen until nutrient and isotopic analyses at
Brown University, with the exception of the PN analyses, which were conducted at University of

California Santa Cruz.

2.2 Nutrient Concentrations and Isotope Analyses

Nitrate (NO3"), nitrite (NO>") and ammonium (NH4") concentrations were measured using
a colorimetric nutrient analyzer (Westco SmartChem 200), following standard protocols (based
on USEPA Methods: 353.2 (Revision 2.0) for NO3"; Method 354.1 for NO,"; and Method 350.1
for NH4"). All samples were analyzed for NOs™ (n=95: snow = 12, aerosols = 8, sea ice = 54,
seawater = 16); a smaller set of snow (n=12), sea ice (n=28) and seawater (n=12) samples were
also analyzed for NO,  and NH4". NH4" was not analyzed in the aerosol samples due to sample

volume limitations. Precision was calculated based on quality control replicates analyzed with
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each sample set: 0.3 pmol L' for NO3", £0.1 umol L'! for NO> and +0.4 umol L' for NH4*, and
detection limits were 0.3, 0.2 and 1 umol L', respectively.

Aerosol samples (n=42) were extracted in 30 mL of Milli-Q water and sonicated for 1
hour. Concentrations were normalized for volume of air in cubic meters (m?) passed through the
filter during each collection (ranging from 96 to 452 m?) and the volume of water for extraction
to determine a final concentration in pmol L'! of air for comparison with non-aerosol samples. A
number of aerosol sample extractions were found to be unfortunately contaminated with NOj3-
from a blank associated with the syringe filters used to filter the final solutions, and this data was
discarded. Due to the discovery of this (inconsistent) blank, we chose not to filter the sea ice
samples.

The N and O isotopic composition of NO3™ (8" Nno3 vs. N in air, §'80no03 vs. VSMOW),
was characterized using the bacterial denitrifier method (Sigman et al., 2001; Casciotti et al.,
2002). For 8" Nno3 and 8'80no3, denitrifying bacteria (Pseudomonas chlororaphis spp.
aureofaciens (ATCC® 13985™, Manassas, VA)) were used to quantitatively convert NOs™ (20
nmol) to N>O, which was then extracted, purified, cryo-focused and measured on a Gas-
Chromatograph Isotope Ratio Mass Spectrometer (Thermo-Scientific Delta V Plus) in
continuous flow mode. Samples were calibrated using internationally recognized NO3 reference
materials (Bohlke et al., 2003 and references therein), including USGS34, IAEA-N3 and
USGS35. Reproducibility for §'*Nnos and 8'%0no3 was calculated by taking the pooled standard
deviation of sample and reference material replicates (Table S1). Precision based on sample
replicates was +0.2%o and +0.4%o for 3"’ Nnos and §'80no3, respectively (n = 6 pairs; Table S1).
For all isotopic analyses (including A'’Ono3), reference materials were prepared in Milli-Q water

to bracket the concentration ranges of each sample run.
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A separate aliquot of each sample was used to also determine the NO3™ §'’O composition
(A"Ono3 vs. VSMOW) based upon decomposition of N>O produced by the denitrifier method
(Kaiser et al., 2007; Fibiger et al., 2013). The denitrifying bacteria (Pseudomonas chlororaphis
spp. aureofaciens) were used to quantitatively convert 50 nmol of NO3 to N>O, which is
pyrolyzed to N> and O: using a gold tube heated to 770°C. A'’Onos is then derived from the
measured oxygen isotopic ratios (A'70 =8!0 - 0.52 x §'%0), and quantifies the mass-
independent “excess” !70/!'%0 found in atmospheric trace gases that react with ozone (Kaiser et
al., 2007; Thiemens and Heidenreich, 1983). Sea ice samples (n=9) that did not meet the
minimum concentration requirement for A!’Onos analysis (<1 uM) were pre-concentrated using
chloride ion resin exchange columns and 1M NaCl (Frey et al., 2009). For samples that required
pre-concentration, standards were also pre-concentrated (see Shi et al., 2015). Reproducibility
for A"7Ono3 is 0.9 %o based on the pooled standard deviation of sample replicates (n = 4 pairs;
Table S1). To quantitatively calculate the percentage of NOs™ originating from atmospheric
deposition in sea ice, the observed average atmospheric end-member (i.e., snow) is used to
represent A'’Oum and the percent atmospheric deposition is calculated using: % AD = A!'7Ogea-
ice/ A""Oqm based on Michalski et al. (2004).

Due to low sample concentrations and volumes, only 3 samples were analyzed for
8! Nnn4 (snow=1; sea ice=2), using hypobromite oxidation to NO»" coupled with the denitrifier
method (Felix et al., 2013; Zhang et al., 2007). Briefly, NH4" is oxidized to NO>” with
hypobromite, and NO;"is quantitatively converted to N>O with denitrifying bacteria. For samples
with sufficient analyte (n=3), oxidations were conducted in triplicate. Samples were calibrated
using NHy4" reference materials USGS25 and IAEA-N2. The method precision is reported as

+0.7%o based on the standard deviation of reference replicates. Using the 8'>N -NOs"and -NH4",
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the 6'"Nna is then computed by taking the weighted difference from measured "> Nnos to
account for any NO3™ (or NOy") present in the sample (i.e., the denitrifiers will convert all NO3-
and NO;™ present to N>O).

Oxygen and hydrogen isotope ratios of water (6'*0m20 vs. VSMOW, 8Dw2o vs. VSMOW)
were measured using wavelength-scanned cavity-down ring spectroscopy on a Picarro L1102-I
liquid analyzer calibrated to international reference standards: USGS46, USGS49 and VSMOW.
Raw data were corrected for memory and drift effects followed by normalization using a
standard calibration (Vaughn and Claymoore, INSTAAR, University of Colorado). Precision for
8'80m20 and 8Dm2o was better than £0.1%o and +0.4%o, respectively, based upon repeated
measurements of an internal standard (BW-1).

Particulate nitrogen (PN) and its stable isotopes (8'°Npn or 8'°Npon vs. N in air) from
three sea ice stations were analyzed using a CE Instruments NC 2500 model Carbon/Nitrogen
Analyzer interfaced to a ThermoFinningan Delta Plus XP isotope ratio mass spectrometer
(IRMS) at the Stable Isotope Laboratory at University of California, Santa Cruz. Samples with
approximately 30-60 ug PN were fumed in a desiccator with concentrated HCI and dried in the
oven at 60°C overnight, and then pelletized into tin discs. Samples derived from the IRMS were
calibrated using Acetanilide as a reference material. Blank filters and tin discs were accounted
for in the isotopic mass balance. The precision of the internal standard, Pugel, analyzed along

with samples in the run was 0.2%o for 8'N.
2.3 Isotopologue mixing curves

Concentration-dependent mixing curves using 8'%0mu20 as a conservative tracer were
constructed between seawater and atmospheric NO3~ end-members to test whether isotopic

compositions retained in ice can be explained by simple end-member mixing (based on Fry,
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2002). The seawater NO3~ end-member values were presumed to reflect those of the subsurface
NO; reservoir in the open basin of the western Arctic, at 8%o, 0%o and 0%o for 5'>Nno3, 8'3%0nos3,
and A'7Onos, respectively (Granger et al., 2011, 2018; Michalski et al., 2003; all non-
atmospheric sources A'’Onos = 0%o). Three mixing curves were calculated using atmospheric
end-members based on the minimum, maximum and mean observed isotopic values.
Isotopologue mixing curves are insensitive to end-member concentrations, thus mean observed
values are used for both end-members. All end-member values used to calculate the mixing
curves are shown in Table 1. Due to limited sample volumes, the aerosol extractions were not
run for A'’Onos, and the aerosol data lack a relevant 8'®Omz0. Given this and the fact that wet
deposition (snow) is more representative (i.e., contains both gas and soluble aerosol phase NO3),
we use the snow to represent the atmospheric end-members. However, mixing curves were also
constructed with a combination of aerosol and snow observations to test if their combined
i1sotopic composition changed the mixing curve results (Fig. S3). Mixing curves were also used

to compare among isotopic properties (8'°Nnos vs 88 Onos, A7Onos vs 8 Nnos and A'"Onos vs

8'80N03).
End-Member  §'%0m0 55 Nnos3 530no03 A"Onos3 NO3
(%0) (%0) (%0) (%0) (pM)
Seawater -2 8.0 0.0 0.0 0.2
Snow Mean -28%* -2.1 73.9 304 1.7*
Snow Min -6.0 70.8 27.0
Snow Max 2.0 87.8 35.0

* 5180-H,0 of snow (-28%o) and nitrate concentration (1.7 uM) are used for all mixing curves.

Table 1: Parameter values used to develop mixing curves between atmospheric deposition (AD) and seawater. Three mixing
curves were created using values for the mean, minimum and maximum to cover the range in atmospheric deposition (AD)
values for isotopes. Concentrations for each end-member and water isotopes were the only parameters held constant between
curve scenarios (Fig. 5). Values for seawater end-member based on work by Granger et al. 2018; Fripiat et al. 2018.
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2.4 Dynamic Box Modeling
2.4.1 Model construct

To investigate the potential influence of biological processing of atmospheric NOs™ in sea
ice, a time-dependent, box model was constructed to simulate the evolution of sea ice N (and O)
isotopologues of NOs3~, NH4 * and particulate organic nitrogen (PON) during biological cycling in
sea ice. As a simplifying assumption, sea ice in the model is treated as a closed system. Nutrients
and solutes from seawater and from atmospheric deposition are presumed to be enclosed in sea
ice, and cycled therein from this initial condition. Admittedly, this closed-system assumption is
invalidated upon brine rejection and exchange with underlying seawater in late spring and
summer, which evidently occurred in the ice floes examined (see Results). Nevertheless, while
brine loss and exchange with underlying seawater would expectedly dilute sea ice nitrogenous
compounds with N-deplete seawater from the western Arctic Basin, these dynamics would not
significantly modify the relationships amongst N isotopologue ratios. We thus exploit the box
model to interpret the N isotopologue ratios and identify the provenance of the reactive N pools
in sea ice while heeding the limitations of the model — which is not designed to reproduce N

concentrations.

The governing model equations describe the assimilation of NH4 * and NO3™ into PON
that is subsequently ammonified and partially re-oxidized (nitrified) directly to NO3™ along with
representative ranges of associated fractionation factors (defined as o ="ghtk/"awi = (£/1000)
+1), where k values are the reaction rate constants for the light and heavy isotopologues, and ¢ is
the kinetic isotope effect associated with a specific unidirectional reaction, as determined from
field and laboratory studies (Fig. 2; Tables 2; see S2: Box model of sea ice N dynamics and Table

S3-S4 for more details). We assume negligible accumulation of a NO»™ intermediate, such that
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the only N isotope effect associated with NH4 * oxidation in relation to the NH4 ™ pool, which
influences the N isotope composition of NO3 ~produced by nitrification. The N isotope effect for
NHa4 * oxidation was prescribed based on the following empirical range (14 to 38%eo), adopting a
reference value of 19%o (Casciotti et al., 2003; Fig. 2). The corresponding O isotope dynamics
involve the assumption of full isotopic equilibration of the NO»™ intermediate with water, with an
equilibrium isotope effect of 13.5%o (Casciotti et al., 2007; Buchwald and Casciotti, 2013), as
well as isotopic discrimination of 15%o for O-atom incorporation from water during NOy
oxidation (Buchwald and Casciotti, 2010). In turn, prescribed coupled N and O isotope effects
for assimilation ranged from 5 to 10%o (Granger et al., 2004; Difiore et al., 2009), adopting a
reference isotope effect of 10%o, consistent with higher fractionation observed for light-limited
NO;™ assimilation (Needoba et al., 2003, 2004 and references therein). Corresponding 6'’0
changes in a predictable way during mass-dependent biological transformations (i.e., '70 = 0.52
x 8'80). The ammonification of PON to NH4" has a small net isotope effect of <3%o (Lehmann et
al., 2002), and here was assigned a nominal value of 0%o. Finally, isotopic discrimination during
assimilation of NH4" to PON is concentration dependent, ranging from negligible at relatively

low concentrations to >20%o at concentrations > 20 UM (Liu et al., 2013; Pennock et al., 1996;

Hoch et al., 1992). We thus assign no isotope effect to this process, given the low observed
concentrations (< 1 uM NHy"). The isotopic signature of PN was assumed to reflect the isotopic
composition of PON, and modeled 5'°Npox was directly compared with PN observations.
Denitrification is not represented in the model construct. Representative ranges of biological
rates were simulated for assimilation, production and oxidation of NH4", as well as uptake of

NO;s™ (Table S3).
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Initial NO; and NH," sources: atmospheric and shelf or seawater
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Figure 2: Model framework for biological processing of NOs~ and NH4" in sea ice with prediction of §'°N and 8'%0.
Atmospheric deposition, shelf and/or seawater concentrations of nitrate and ammonium are used as initial boundary conditions in
different scenarios described in Tables 2 and S3-S4. The asterisk (*) indicates that for Scenario A, this is the only isotope effect
that is set differently from the other scenarios tested (B-X).

Model scenarios were initialized based on observed concentrations and isotopologue
ratios of Arctic atmospheric and seawater end-members. Specifically, observed atmospheric
NO;™ and NHy4" values were used for the atmospheric end-member, while the seawater end-
member reflects values representative of N-free seawater (e.g., this study and Granger et al.,
2018), and seawater on the western Arctic shelf (Granger et al., 2011; Brown et al., 2015b;
Fripiat et al., 2018) (Table S4). Snow samples were used to represent the atmospheric end-
member as it was more comprehensive and provided more data-points than the aerosol samples
alone (i.e., wet deposition provides an atmospheric column average versus the soluble aerosol
extracts). For each model scenario, the time-dependent evolution of N isotopologue values in sea
ice was also tested across representative parameter ranges, including isotope effects for NOs-
/NH4" assimilation and nitrification, and relative ratios of biological rates. Therein, a single
parameter in the model was varied incrementally while keeping others at respective initial values
(Fig. S5-S9). Specific details of these sensitivity analyses are described and tabulated in

Supplementary Materials (Fig. S5-S9). Ultimately, the simulations of the time-dependent

37



evolution of N and O isotopologue ratios in sea ice, from initial conditions until steady-state,
were quantitatively compared to observed ranges of 3'*°Nnos, 8'*Onos, A'"Onos, 8'"Nnus and
83 Npon in order to gauge whether biological cycling within sea ice explains observed

isotopologue distributions.

3. Results
3.1 Physical properties of the sea ice

Sea ice age estimates suggest that stations sampled between 87°N and 89°N consisted of
first-year ice, while multiyear ice was sampled between 82°N and 85°N (M. Tschudi, NSIDC,
2015). Six-month back-trajectories suggest that ice originated from the East Siberian Arctic
Shelf seas before being advected by transpolar drift to the Makarov Basin and the Beaufort Gyre
(Kipp et al., 2018). Brine network connections occur when brine volumes exceed 5%, increasing
sea ice permeability and fluid transport through porous sea ice (Golden et al., 1998). All ice
cores appeared to have experienced brine loss where brine volumes/porosities were higher than
5% as a function of permeability (Fig. S1d; S1: Ancillary Sea Ice Data). The extremely low
salinity above 20 cm is indicative of intense desalination, and therefore brine loss. As a result,
flushing of salty brine by fresh surface meltwater percolating into pore space acts as an important
desalination mechanism in the late Arctic summer (Untersteiner, 1968). However, brine drainage
(i.e., brine convection with underlying seawater) is also an important mechanism in Arctic and
Antarctic sea ice generally (Griewank and Notz, 2013). Reflective of late-summer conditions,
most of these cores exhibit desalination in an advanced stage, likely reflecting flushing of

snowmelt water from the surface, which is exhibited in sea ice core isotopic properties.

38



The oxygen isotope composition of the sea ice (8'®*Omnz0) ranged between -18.6%o and -
0.8%o, suggesting that it derived from a mixture of seawater and meteoric water (Fig. 3a). Sea ice
samples had 8'%0mn20 as low as -18.6%o near-surface, though largely between -10.0%o to -0.8%o,
compared to characteristically negative §'80m20 values of -29.3 to -13.4%o in overlying snow
samples. Underlying seawater samples had a narrower range in 8'®On20, between -5.1 and -2.9%o
(Fig. 3a), with lower values likely reflecting a contribution of local sea ice melt, given a typical
8'80m20 of the mixed layer of ~ -2.5%o in this region (Lansard et al., 2012). Four of the six cores
(i.e., salmon, beige, royal blue and navy) revealed a fairly uniform §'®On20 composition from top
to bottom (~ -4%o on average), consistent with advanced desalination from flushing of meteoric
water. The higher 8'80m0 in these cores relative to seawater may also reflect the preferential
incorporation of '*0 to sea ice during freezing, which exhibits an enrichment of ~2%o (Eicken,
1998; Melling and Moore, 1995). Using this average composition (-4%o), we can calculate that
more than half of the sea ice cores were composed of ~18% meteoric water and ~82% seawater
(meteoric water (snow) average = -22%o; seawater = 0%o). In contrast, two cores (cyan and
turquoise) in the middle of the latitudinal transect exhibited a high percentage of meteoric water,
in the top 50 cm (i.e., ranging from ~45 to 82%). This is indicative of mixing in of snowmelt, but

only from the surface to ~50 cm for these two cores.
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Figure 3: Profiles for a) §'*0m20 (%o), b) nitrate (micromolar, uM), ¢) ammonium (micromolar, pM), d) §'*Nno3 (%o), €) §'*Onos
(%o), and f) A'Onos3 (%o) against median depth (cm). Gray triangles represent the average value for snow; blue triangles are
seawater values for samples collected at 1 and 5 m below the sea ice sample hole. Gray line in panel d) denotes the 0%o line.
Latitude for each station number includes: 89.96°N (33, dark navy circle), 88.42°N (31, royal blue circle), 87.78°N (39, dark cyan
circle), 85.74°N (42, teal circle), 85.16°N (43, beige circle), and 82.49°N (46, salmon circle). Of note, one outlier for nitrate
concentration (8.2 M) is not shown in the concentration profile for the sea ice core sampled at 89.96°N
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3.2 Reactive N pools and isotopologues

In sea ice, the NO3™ concentrations were relatively low in all samples, with mean values
in snow of 1.7 £ 0.8 pmol L (+1c; n=12), 0.6 £+ 0.8 umol L' (n=12) in aerosols, 0.9 + 1.2 pmol
L' (n=54) in sea ice, and 0.3 = 0.5 pmol L' (n=16) in seawater (Fig. 3b). NOs" concentration
profiles generally showed higher concentrations near/at the surface, which decreased with depth
toward N-deplete seawater (Fig. 3b). This is consistent with previous observations from land-fast
ice studies in the Northern Hemisphere (Granskog and Kaartokallio, 2003; Kaartokallio, 2001;
Rahm et al., 1995; Nomura et al., 2011). Higher NO3™ concentrations were observed at sea ice
stations closest to the north pole (e.g. 89°N station, dark blue circles) than at stations further
south (Fig. 3b), with a few sea ice samples exceeding concentrations found in snow samples (e.g.
8.2 umol L'"). NO,” was below detection in all samples analyzed. NH4™ concentrations were
similarly low, with mean snow NH4* concentrations of 1.0 £+ 0.1 pumol L' (n=12), sea ice
concentrations of 0.8 + 0.2 pmol L' (n=28), and seawater concentrations of 0.2 £+ 0.1 umol L-!
(n=12) (Fig. 3c). NH4" concentrations among sea ice cores did not exhibit distinct trends
associated with depth or latitude. Collectively, NH4" concentrations were comparable to those in
overlying snow, yet elevated compared to underlying seawater (Fig. 3c). This is analogous to
other observations where mean NH4" concentrations in sea ice were high relative to underlying
seawater in the Fram Strait and Greenland Current (Tovar-Sanchez et al., 2010).

Snow samples atop sea ice had isotopic values characteristic of atmospheric deposition
with generally negative 8'*Nno3 (-5.9 to 2.0%o), and high §'*Ono3 (70.8 to 87.8%o0) and A!"Onos
(27.1 to 33.5%0; Fig. 3d-f, S2). Aerosols exhibited a similar range as snow samples, with slightly
more positive values for 8" Nnos (-3.6 to 5.9%0) and a larger range for 3'%0no3 (39.8 to 74.5%o),

(Fig. 3d-e, S2a-b).
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Compared to the atmospheric samples, sea ice samples tended toward higher 8 Nnos (-
0.3 to 15.0%o; Fig. 3d, S2a), whereas 8'*0no3 (23.3 to 67.5%o; Fig. 3¢, S2b) and A'’Onos (0 to
12.4%o0; Fig. 3f, S2c) were intermediate between atmospheric values and a non-atmospheric
source (i.e., A"7On03=0%o). No distinctive trends in sea ice 8"’ Nnos profiles were observed.
However, the northernmost ice station samples had higher NO3™ concentrations and relatively
higher ' Nno3 (>8%o throughout most of the profile; see Fig. 3d). Also, the northern-most core
contained the lowest §'"®Ono3 (~23%o) and A!'7Onos (~0 to 2%o) preserved in the ice (Fig. 3e-f).
Cores collected furthest south (82°N-85°N) broadly exhibited lower 8'*°Nnos values (surface
values of <5%o), and higher §'80no03 (~38-65%0) and A!’Ono3 (~8-23%o) values from top to
bottom compared to the three more northern cores (8'%0n03 = ~22-37%0 and A'"Ono3 = ~0-8%o)
(Fig. 3d-f). For the purposes of this study, sea ice cores were considered as a collective dataset
and we focus on the range of the observations as representative of late-summer Arctic sea ice.

Seawater samples under the sea ice had relatively elevated 3'>Nnos (5.9 to 8.5%o), and the
lowest 8'80n03 range (0 to 13.8%o; Fig. 3d-e, S2a-b). '>Nnus analyzed in two snow samples had
values of 3.0 and 3.9%o at Stations 42 and 31, respectively, while a single measured sea ice
sample had a positive 8'"Nnmua of 11.7%o at Station 39 (Table S2). §'*Npon (i.e., 8 °Npx)

measurements from sea ice stations 39, 42, and 43 ranged between 2.1 to 4.3%o (n=3).

4. Discussion

To begin, we compare our isotopic results with previous studies and assess aspects of the
results that are important for interpretation. The atmospheric samples are representative of
expectations for NO3™ formed in the atmosphere. Namely, atmospheric NOs™ is high in §'%0nos3

and A'”Ono3 and relatively low in 8'*Nnos, compared to other sources of NO3~. The high §'¥Onos

41



and A'7Onos reflect the influence of ozone on the formation of NOj" in the atmosphere, and the
values in this study should reflect the oxidation chemistry responsible for the formation of NOs",
which varies regionally (e.g., Morin et al., 2011). There are limited observations of atmospheric
NOs" concentrations and isotopes in the cruise region, and none from this region of the open
ocean. Snow and aerosol samples collected at a station in Alert, Canada (Morin et al., 2008) and
near the coast of Ny-Alesund, Svalbard (Morin et al., 2009) share broadly comparable ranges for
85 Nno3, 8'80n03 and A'"Onos (snow only) for atmospheric NOs™. However, in both studies,
summertime 8'’Nnos exhibited very negative values — as low as -42%o in filtered air from Alert,
and -22%o in snow near the coast of Svalbard. The very low §'*Nnos3 values (< -20%o) in these
studies are attributed to NOs™ that is formed as a result of precursor nitrogen oxides
photolytically released from snow-covered surfaces. This photolytic process leads to a very large
1sotopic fractionation (e.g., Berhanu et al., 2015), such that the photolytically released nitrogen
oxides have very negative 8'°N values, while the snow NOj" is left highly enriched in '>N. Our
open ocean-atmospheric observations do not exhibit these very low 8'>Nnos values, suggesting
that recycled snow-sourced nitrogen oxides are not an important source. This may be the result
of relatively fast recycling of nitrogen oxides to NO3™ and re-deposition on the continents (Zatko
et al., 2016) versus the open ocean. Additionally, the surface snow samples did not show any
direct evidence of significant photolytic loss of NOs", especially given that both the 8'"Nno3 and
8'80n03 were not significantly higher than what is observed in aerosol samples.

Currently, there are two sea ice NO3 isotopic studies, both from Antarctica, and none
from the Arctic, with which to compare our results (Fripiat et al., 2014, 2015). In Antarctic
spring pack ice cores collected at two drifting stations, a fairly narrow range was observed for

85 Nno3 (2.1 to 8.1%o and 4.1 to 5.1%, respectively), and §'8Ono3 was not measured/reported
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(Fripiat et al., 2014). Fripiat et al. (2015) reported 3'’Nno3 and 8'%0nos as a time series in the
evolution of sea ice in the southern hemisphere winter and spring for land-fast ice. In that study,
the authors observed a narrow range in wintertime ice (8'*Nno3: 5.620.3%o, 6'*Ono3: 3.340.4%o)
and wider range in §'"Nno3 (6 to 20%o) and 3'%0no3 (5 to 20%o) in spring time-collected sea ice
(Fripiat et al., 2015). While some overlap exists with the '>Nnos values observed in the late-
summer Arctic sea ice profiles from this study, all of the '8 Ono3 values we observed are greater
than 20%o, thus relatively elevated compared to median values observed by Fripiat et al. (2015).
Unsurprisingly, the role of atmospheric NO3  was not considered in either Antarctic study
(Fripiat et al., 2014, 2015) due to the nitrate-rich surface waters in the Southern Ocean; and no
other A”Onos characterizations exist for sea ice that we are aware of.

The observed 8'*Nnos range in seawater from this study matches observations from the
NOs" in the Beaufort Sea nutricline (~7-8%o), however, a broader range is observed for sea ice
8'80n0s3 than in the nutricline (0 to 13.8%o here vs. -1 to 2%o measured by Granger et al., 2018).
This broader range may reflect the environment directly beneath the ice where, at this point in
the season, it is possible that melting ice and seawater were mixed. To our knowledge, no
A'""Ono3 measurements have been made on seawater in the region. Finally, there are no other
observations of 8'*Nnwus or 8'*Npy in sea ice or snow from the Arctic region to compare with our
results, but the ' Npn in bottom ice in this study (2.1 to 4.3%o) covers a comparable range to that
in spring Antarctic sea ice (1.1 to 4.4%o, Fripiat et al., 2014; <5%o, Fripiat et al., 2015).

The occurrence of A'’Onos indicates that atmospheric NO3™is present in the sea ice
recovered from the western Arctic basins. Interestingly, A'”Ono3s >0%o is present throughout
several of the cores, though this may reflect flushing from the surface (i.e., more advanced

desalination) amongst those cores. Lower A!’Onos values than the atmospheric end-member
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indicate the co-existence of another NOs~ source, with A'’O=0%o (Fig. 3f, S2¢). The remaining
NOs 1n sea ice is ostensibly biologically-sourced, produced by nitrification (the oxidation of
NH4" and/or NOy") that occurred in sea ice directly (e.g., Fripiat et al., 2014, 2015; Baer et al.,

2014, 2015), and/or in seawater before its incorporation into sea ice.

4.1 Quantifying atmospheric versus non-atmospheric nitrate

Simple application of the %AD equation (Section 2.2) based on the observed A'”Onos,
reveals a range in the contribution of atmospheric NOs3™ to each of the sea ice observations (Fig.
4). In this late-summer Arctic sea ice, all but one of the samples had <40% of (uncycled)
atmospheric NO3", while 60 to 100% originated from a non-atmospheric source of NO3™ (e.g.,
biological; Fig. 4). Northerly sea ice stations exhibited a lower %AD (<20%, cyan and navy
cores) compared to southerly stations (%AD ~30-40%, aqua, beige, salmon cores) with one
exception (%AD ~25%, royal blue core) (Fig. 4). For one near-surface sample, we found that
80% of the NO3” was atmospheric in origin, and this likely reflects less mixing/cycling in of non-
atmospheric NOj3 consistent with the high percentage of meteoric water based on §'*Omo (i.e.,
cyan and turquoise cores, Fig. 3a).

The multiple isotopic tracers measured here present an opportunity to evaluate
hypotheses regarding the dynamics of biological cycling of reactive N in sea ice. Below, we first
evaluate whether the range in the %AD is representative of mixing between atmospheric N and
seawater-derived nutrients, or significant biological activity within sea ice following

incorporation of atmospheric N.
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Figure 4: Using modeled A!'”Ono3, the percent atmospheric deposition (%AD) comprised within sea ice is calculated for every
observed A”Onos, where snow = 100% AD and the majority of sea ice contains 0-40% AD and 60-100% biological nitrate
(BIO). Snow (SN) and sea ice (SI) end-members are represented by triangles and circles colored according to sampling station,
while the modeled A'”Onos is in black.

4.2 Sea ice N: a passive reservoir of atmospheric and seawater NO3™?

NOs™ concentrations were generally more elevated near the surface of the sea ice,
decreasing with depth in the ice column to lower values (Fig. 3b). Bulk salinity (Fig. S1b), brine
volume fraction (Fig. S1d), and 8'*On20 data in each of the cores (Fig. 3a) provide evidence that
the cores were subjected to recent melting during the summer season, as well as loss and
exchange of brines with underlying seawater. Thus, the isotopic composition of NO3~ and NH4*
in sea ice may reflect direct contributions of both dissolved inorganic N from seawater that was
incorporated during its formation on the shelf and/or from underlying N-poor seawater during
brine exchange, in addition to atmospheric deposition. Indeed, the §'80m20 composition for
several sea ice samples was intermediate between that of seawater and snow (Fig. 3a).

Given the late summer season ice sampled and brine exchange, we test whether simple

end-member mixing of seawater NO3~ with atmospheric NO3™ can explain the sea ice N
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1sotopologue distributions. In Figure 5, we superpose simple end-member mixing curves on the
observations (Fig. 5a-c). We use 8'®Om20 as a conservative tracer (Fig. 5a-c), and also compare
the isotopologues of NOs™ to one another (Fig. 5d-f). Based on the apparent brine loss, the
conservative nature of '8 Omo is a simplification, however we can use this to test an a priori
assumption that we expect a coupling between the '%0Ono3 and 8'30m20 (i.e., if the '8 0mao is
reflective of snow, then the §'8Ono3 in snow should reflect atmospheric NOs~and vice versa for
seawater). The atmospheric NO3;~ end-member is based on the snow observations, because we
lack a complete suite of data for the aerosols (i.e., A'’Ono3) (note that using a mean of the

aerosol and snow data for the 8'’Nno3 and §'80no3 does not change our conclusions (see Fig.

S3)).
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Figure 5: Mixing curves for atmospheric (snow (SN, gray triangles), aerosols (AS, blue triangles)) and seawater (SW, purple
squares) end-members. Sea ice (SI, circles) are color-coded by station latitude as noted in Figure 1. The N and O isotopic
composition of nitrate are plotted against §'*Oma0 (%o) as follows: a.) 8'*Nnos (%o), b.) 8'¥Ono3 (%o), and c.) A'"Onos (%o). The
nitrate isotopologues are plotted against each other with d.) 8'80n03 (%o0) vs. 8'"Nno3 (%o), €.) 8'*Nno3 (%o) vs. AOnos (%), and
£.) 8% On03 (%o0) vs. A7Ono3 (%o). Curves illustrate mixes with minimum (cyan), mean (black dash) and maximum (red) values for

the atmospheric end-member (Table 1).
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Mixing curves reveal a potential fit of median §'*Nnos to 8'#Om20, but do not encompass
the more elevated '’ Nnos values (>8%o) as well as some lower 8'*Nnos3 values that correspond
with relatively high 8'®0Omn20 (Fig. 5a). Simple end-member mixing also fails to explain some of
the sea ice 8'%0Onos, particularly the elevated 8'®*Onos values observed at higher §'® 020 (Fig. 5b).
As noted earlier, §'®0no3 values lower than 20%o were not observed in the sea ice, even at the
8'80m20 values characteristic of seawater. Moreover, A'’Onos > 0%o were not always correlated
with corresponding §'80m20 (Fig. 5¢) —i.e., a few low A!'’Onos values correspond with some of
the lowest 8'80m0 values that were observed in sea ice, particularly at the northernmost stations
(cyan and navy cores). In all, NOs™ isotope ratios were not adequately captured by conservative
end-member mixing relative to corresponding §'*Om20.

Even if there is a decoupling of §'*Om20 and 8'®Onos, which is likely in the event of brine
convection and loss, the mixing ratios of NO3™ isotopologue pools should nevertheless mix
conservatively relative to one another. For instance, simple end-member mixing of
atmospherically derived NO;™ with seawater NO3™ should yield an inverse linear trend between
8'80n03 and 8'°Nnos. While some of the observations fit this expectation, coincidently elevated
8" Nnos and 8'80nos3 values are not explained, especially at the most northern stations in navy
blue (Fig. 5d). Similar to §'8Ono3, conservative mixing should yield an inverse linear relationship
between 6'°Nnos and A'"Onos, but this fails to explain high !'°Nno3s and low A'’Onos
observations (Fig. 5¢). Concurrently, sea ice '8 0Onos values would apparently conform to a
linear fit with corresponding A!’Onos, but only if the seawater §'8Ono3 end-member were in
excess of 20%o (Fig. 51), a value that is difficult to justify. Thus, barring highly unusual seawater
end-member values for §'®Onos, simple end-member mixing of atmospheric and seawater NOs"

does not fully capture the N and O isotopologue distributions that we observed in sea ice NO3"
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(Fig. 5d-f).
4.3 Sea ice N: Active in-situ biological cycling?

To further explore mechanisms that might capture the complete distribution for all
1sotopic tracers, we utilize an isotopic box modeling framework that incorporates biological
production and cycling of N within the sea ice (described in Section 2.4.1). We first consider
atmospheric NO3™ and NH4" as deposited on sea ice and cycled biologically therein (“Atm-
Only”). We next consider the input of both atmospheric deposition and seawater nutrients,
underlying the ice or from the shelf, which are then processed biologically within the sea ice
(“Atm + SW” and “Atm + Shelf” scenarios). To compare the model results with observations,
we take two approaches. First, we compare across the model scenarios with the range of
observations based upon medians and quartiles (box and whisker plots, Fig. S10), considering
the range of all model solutions, from initiation to steady-state. Second, we compare the
observed isotopologue distributions (property-to-property) to those co-evolved throughout model
simulations, from initiation to steady-state (Fig. 6). Here we describe insights gained from the
model results, but refer the reader to S/ Text S4 for more detailed descriptions of scenarios tested

and the full suite of model results.
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Figure 6: Scenarios Atm-Only (a-c), Atm+SW (d-f), and Atm+Shelf (g-i) illustrate isotopologue comparisons for observations
compared to the box model output. Gray triangles represent snow (SN), blue triangles represent aerosols (AS) and sea ice is
represented by circles colored by station (SI). The upper and lower bounds tested for all model scenarios are represented with
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atmospheric observations, with 4 tending to represent the higher end of the parameter ranges
(Table S4). For Scenario B, the isotope effect for NH4" oxidation was substantially lower than

for A, as are initial reactant concentrations and isotopologues, and relative biological rates are
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Two representative “Atm-Only” Scenarios, 4 and B, were initialized based on the

more conservative (Tables: 2, S3-S4). The production of NOs™ from the nitrification of

atmospheric NH4* should decrease (dilute) the elevated §'80no3 and A'’Onos of atmospheric
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NOs", whereas partial assimilation of NOs~ should increase 8'*Nno3 and 8'0no3 concurrently

while leaving the A'”Onos unchanged (because 8'’Onos and 8'®Ono3s would change mass-

dependently).
Sample  [NOs37] 3" Nnos 3'*0no3 A"Ono3 [NH4'] 8" Nnm4
(M) (%o vs. air) (%o vs. VSMOW) (%0 vs. VSMOW)  (uM) (%o vs. air)
Atm 1.7-2.5 -2.0-0.0 73.9-82.0 30.4 1.0-25 00-34
SW 0.4-1.6 20-34 359-77.8 13.8-29.9 1.2-27 43-69
Shelf 1.9-11.7 6.5-8.0 0.0-10.9 0-27.8 4.0-10.0 7.0-8.0

Table 2: Ranges of initial end-member values tested in the model scenarios.

The median and range of observed 8'°Nnos are well represented by Scenario A (Fig.
S10a). While much of the range in §'%0Ono3 and A'"Onos are also captured, the model does not
reproduce much of the observed elevated O isotopologue distributions (e.g., §'%0n03 ~35-45%o;
A""Ono3 ~ 5-10%o0) (Fig. S10b-c). The model also does not capture isotopologue distributions
observed for NH4" and PON, yielding much higher 8'*Nnus and much lower §'*Npon compared
to the, admittedly few, observations (Fig. S10d-¢). Still, the co-evolution of §'*Nno3 vs. 8'*Onos,
85 Nno3 vs. A7Ono3, and §'80nos vs. A7Onos is well described (Fig. 6a-c).

Scenario B, in contrast, while roughly reproducing median observations for 8'*Nnpuas, does
not reproduce the observed 8 Npon (Fig. S10), and fails to capture the co-evolution of §'¥Onos
vs. 8" Nnos and 8" Nnos vs. A7Onos (Fig. 6a-c). Nevertheless, unlike Scenario A, this scenario
is able to reproduce elevated §'®0Ono3s and A'’Onos reflecting the entire observed range in sea ice
(Fig. S10b-c). These “Atm-Only” simulations (4-B) illustrate that biological processing of
atmospheric N in sea ice can explain the observed NOs" isotopologue values, but does not

explain the observed ranges for 8'*Nnuas and §'°Npon.
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We next consider the input of both atmospheric deposition and seawater nutrients, which
were then processed biologically within the sea ice. Above, in the mixing curves, we considered
only the direct physical incorporation of nutrients from the open ocean. While the ice floes were
sampled in the open basin, six-month back-trajectories suggest that ice originated from the East
Siberian Shelf seas before being advected by the Transpolar Drift to the Makarov Basin and the
Beaufort Gyre (Kipp et al., 2018), and 8'*Om20 from this study reveals that the cores consist of
varying proportions of seawater (e.g., 18 to 82%). Thus, we tested two different types of
boundary conditions: “Atm + SW” (Scenarios C-D) and “Atm + Shelf” (Scenarios E-F), where
the seawater end-member consists of nutrient-deplete seawater from the open basin or nutrient-
rich shelf-water, respectively, with corresponding isotopologue end-members. This was done in
an attempt to address the changing significance of different nutrient sources along the path of sea
ice transport, which hypothetically coincided with seasonal ice evolution (Tables: 2, S3-S4).

The “Atm + SW” model scenarios (C-D) tested different proportional mixtures using the
mean of atmospheric deposition (e.g., snow) and low-N seawater to initialize the model.
Representing upper and lower boundary conditions, Scenarios C and D reflect 90:10 and 10:90
mixes, respectively (Tables: 2, S3-S4) and we consider a range of 4.3-6.9%o for 3'>Nnu4 at model
initiation (Tables: 2, S3-S4).

Of the two “Atm +SW” scenarios, only Scenario C provides reasonable agreement for all
three isotopologues of NOs", although the model again fails to capture !N of NH4" and PON, as
per Scenarios A and B (Figure S10). In the alternate scenario in which seawater was the primary
source of N to sea ice (Scenario D), the model greatly underestimates the high §'®0Ono3 and
A'""Onos (Figure S10), and only yields values higher than the observed §'°Nnos3 value range.

Evidently, a greater initial fraction of atmospheric NOs3™ appears requisite to reproduce the
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isotolopologue distributions of the NO3™ remnant in the sea ice sampled. In spite of the poor fit of
Scenario D to NOs™ isotoplogues, the 8'*Nnus and 8'°Npon values simulated therein are within
the range of observations, reflecting the sensitivity of the model '*°Nnua and 8" Npon (as well as
8'Nno3) to higher initial values of 8'>Nnna4 (see SI Text S3-S4; Figs: S5-S10; Table S5 for
discussion of model sensitivity and detailed results for scenarios).

In the “Atm + Shelf” scenarios, Scenario E was initialized with a 50:50 mixture of shelf
N and atmospheric N, while Scenario F was initialized with shelf nutrients alone followed by
mixing in of atmospheric deposition at the ice surface and continuous biological cycling
throughout. For both scenarios, shelf end-member values were based on observations on the
Bering and Chukchi shelves (Granger et al., 2011; Brown et al., 2015b; Morales et al., 2014),
predicating higher ranges for initial 3'Nnos and 8'°Nnm4, and their concentrations (Tables: 2, S3-
S4).

The “Atm + Shelf” scenarios yielded similarly unsatisfactory results when compared to
observed NOs™ isotopologue values (see SI Text S4 for details). Nevertheless, as per Scenario D,
Scenario F yields 8'>'Nnus and 8" Npon values closer to the observed range, again reflecting the
sensitivity of the model output to the higher initial values of §'’°Nnna. The disagreement with the
NOs" isotopologue distributions is evidently greater for the “Atm + Shelf” scenarios than the
“Atm + SW” scenarios. This is because the higher initial NO3~ and NH4" concentrations in
shelfwaters (Scenarios E-F) tended to swamp the distinctive atmospheric signatures observed in
the isotopes.

We use the observed model (property-to-property) behavior to gain insight into the N
dynamics that reflect processes in the observed isotopologue ranges. On the basis of the co-

evolution of isotopologues, Scenarios A-C most accurately captured the observed elevated
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composition and tight coupling between the O isotopologues (Fig. 6). It is also noteworthy that
Scenarios D-F illustrated the need for a slightly elevated set of '’Nno3 and 8! Nnua values at
model initiation to generate the observed elevated 5'>Nnos (>0%o) with corresponding low
A""Ono3 (<5%o) (Fig. 6d-i). For Scenario D, this is consistent with a higher proportion of
seawater NOs", while Scenarios E-F reproduced the co-evolution of '’ Nnos and A7Onos due to
more nitrification driven by higher NH4" concentrations from shelfwaters.

In sum, the modeled scenarios that best reproduce the ranges in observations of NO3"
1sotopologue ratios require a significant contribution from atmospheric N and subsequent
biological cycling within sea ice. Nevertheless, these scenarios fail in producing observed ranges
for 8"*Nnms and 8" Npon, and generated lower median §'80no3 values than observed. We
therefore revisited the “Atm-Only” model framework (Scenarios A and B), which produced the
most realistic match with our observations for NO3™ isotopologues, initializing with a more
elevated 3'>Nnn4 source in an attempt to capture NOs-, NH4" and PON observations
simultaneously (see Scenario X: “High 8'’Nnu4 Initial” discussed below). Scenario X used the
same parameter values as in Scenario B to test incremental changes in the initial 3'>Nnn4, and
found that the modeled steady-state solutions for 8'"Nnos3, 8'*°Nnua and §'*°Npon were sensitive to
this end-member, and changed by 10%o or more depending on the initial value used (see Table
S5, Fig. S5 and S3: Sensitivity Tests). Based on these results and to avoid diluting the
atmospheric oxygen signatures preserved in the ice, Scenario X required relatively low starting
concentrations (~1 uM) of an elevated 8" Nnna (15%o) (Tables: 2, S3-S4) to capture both §'*Npon
and 8'°Nnpa, and still broadly reproduce the observed ranges of 8"’ Nnos, 8'%0no3, and A'Onos

(Fig. S10). However, whether a 8!°Nnus end-member value of 15%o can be justified is equivocal
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based on current constraints in the literature (see further discussion of the feasibility of this
parameterization in S/ Text S4).

Modeling all three isotopologues of NO3™ allows for quantitatively tracking atmospheric
inputs, while also realistically capturing biological consumption and production. The best
explanation of the observations rest on an important input of atmospheric nutrients that were
biologically processed within the sea ice, albeit with a high starting ' Nxua. It is also important
to consider that a lack of fit between modeled and observed N isotopologues for ' Npon, could
be a function of the fact that PON can act as an integrator over time of numerous processes
relative to other nutrients “newly” present in the late-summer sea ice sampled in this campaign.

We focus here on trying to best understand the range and relative behavior amongst the
observations. The heterogeneous isotopologue patterns observed in sea ice cores could reflect
differences in the provenance of NO3™ and/or biological processing in sea ice at different
latitudes. The southerly stations tended towards higher A'’Onos, higher §'*Ono3 and lower
8!"Nno3 compared to the more northerly stations. These differences could reflect that sea ice at
the southerly stations have experienced more flushing. The isotopologue distributions observed
in the northern cores more broadly resemble the range and behavior of modeled shelf scenarios
(“Atm+Shelf”), while cores collected in the south (particularly the core at station 85.74°N) are
more comparable to “Atm-Only” scenario simulations. This is readily apparent in the larger
proportion of atmospheric NO;3 (i.e., higher A'"”Ono3). Stations closest to the pole are suspected
to represent first-year ice, while those further south are suspected to reflect multiyear ice
(NSIDC, 2015). In young ice, biological processes may be more prominent due to organic
material captured in the ice matrix compared to older ice that has experienced seasonal brine

flushing (Arrigo et al., 2012). In summary, the heterogeneity observed among the sampled cores
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is likely a function of differences in ice age where younger ice is more biologically active and

the provenance of nutrients depends on the location of Arctic sea ice formation.

5. Conclusions

Quantifying the presence of atmospheric NO3"is a new addition to our understanding of
sea ice N cycling. Since A!'70O does not change with mass-dependent processes, the low observed
A0 values reflect that an alternative source of NO3 must be diluting the atmospheric source in
sea ice. Nitrification has been found to be a prominent process occurring in Arctic land-fast
(Baer et al., 2014, 2015), Antarctic land-fast and pack ice (Fripiat et al., 2015; Fripiat et al.,
2014; Priscu et al., 1990), and it now appears to be significant in open ocean late-summer Arctic
pack ice as well. According to Baer et al. (2014), nitrification rates are highest in winter due to
light limitation and decreased competition for NH4" between nitrifying microbes and
phytoplankton (light-dependent) communities, enabling the oxidation of NH4" to NO;" to take
place. Light control experiments in shelf bottom and upper halocline waters in the Chukchi and
Beaufort Seas also show that above a certain light threshold (0.11 mol photons m™ day™!)
nitrification is inhibited (Shiozaki et al., 2019). Importantly, this study suggests that diminishing
sea ice cover and enhancing light availability in the surface ocean in a future climate will
continue to suppress nitrification in Arctic Ocean environments causing a shift in nitrogen
dynamics and ecosystem structure (Shiozaki et al. 2019). If, in fact, nitrification is responsible
for the non-atmospheric NO;3™ incorporated in the sea ice, then the importance of this process is
possibly dampened in our observations due to differences in sea ice age, suspected seawater-

brine exchange and that core collections took place in late-summer.
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Our results suggest that: 1) the dilution of atmospheric NO3™ can be explained by
biological production of NO3™in sea ice; 2) the fraction of atmospheric NO3™ in the sea ice
samples range from almost negligible to 40%, suggesting that the majority of NO3™ within sea ice
is biologically sourced (60-100%) (Fig. 4); and 3) model scenarios suggest that a suite of
isotopologue distributions are consistent with simulations that require a significant input of
atmospheric nutrients that are then biologically cycled, and require an initial NH4" source with
an expressly elevated 8'>Nnna. It is imperative to further refine our understanding of atmospheric
sources of NH3/NH4" and their respective 8'°N in an effort to determine the role atmospheric
sources play in nitrogen cycling processes in sea ice, and the Arctic Ocean in general. Different
sources of N appear to supply in-situ biological processes in Arctic versus Antarctic sea ice,
where late-summer Arctic sea ice retains NO3™ that is atmospheric and biological in origin. While
additional constraints are needed to quantify the total contribution to primary production in the
surface ocean, we emphasize that the NO3 residing in the sea ice cores from this study represents
a relatively small, but exogenous nutrient source to oligotrophic regions of the western Arctic
Ocean during sea ice evolution/melt. Continued losses of sea ice due to warming ocean
temperatures therefore will influence sea surface biogeochemistry in the Arctic Ocean and may

result in changes to the distribution of essential nutrients for surface primary production.
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8. Supplement to: An investigation into the origin of nitrate in Arctic sea ice

Introduction

This supplement includes: four supplemental text sections that describe ancillary sea ice station
data compiled from cruise community characterization cores (Text S1), the system of equations
used to construct the isotope model (Text S2), sensitivity tests conducted to assess model output
sensitivity to initial parameters (Text S3) and discussion of box modeling scenario results (Text
S4); nine supplemental figures illustrating sea ice characterization (salinity, temperature,
i1sotopes, concentrations), mixing model results and sensitivity test results; and lastly, four tables
describing pooled standard deviations for isotope reference materials, box model

parameterizations and results from ammonium isotope sensitivity tests.

Text S1. Ancillary Sea Ice Station Data
Six community cores were sampled from the ice floes at each station to measure core
temperature, bulk salinity, brine salinity and brine volume fraction. Brine salinity and brine

volume fraction were calculated based on the methods discussed in Eicken, (2003).

Text S2. Box Model of Sea Ice N Dynamics
This section contains the system of equations used to construct the box model, as well as, Tables
S3-S4 with values used to initiate each scenario (A-X) and steady-state evolution of

isotopologues in each scenario tested (Fig. S4).

Nitrate

1.a= liehtk/meavyk= (£/1000) +1

2. BRyos = ((6"* Nno3/1000)+1)*0.00367
3. PFros = ""Nyos/(""Nnos+ "“Nnos)

4. ®Ryos = ((6'80n03/1000)+1)*0.002005
5. "8Fxos = "®Ono3/("®*Onos+ "*Onos)
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6. ""Rnoz = ((6""On03/1000)+1)*0.00038

7. "Fxos = ""Ono3/(""Onos+ "*Onos)

8. 6" Nnos = (((**Nno3/"*Nno3)/0.00367)-1)*1000
9. §"®*0no3 = ((("®On03/"*On03)/0.002005)-1)*1000

10.
. AOno3= 6"Ono3- 0.52 * 68 0nos

. % A"Onos= A"Ono3/A7"Ono3 am *100
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.

NXR)

31.

11
12

0""Ono3 = (((""Ono3/"*On03)/0.00038)-1)* 1000

6" NN03-prod = ((*Nma-oxia/ *Nana-oxia)/ 0.00367)-1)*1000
6" ON03-prod = (("*OnN03-prod/ "®ONo3-proa)/0.002005)-1)*1000
['80N03](t|)= NO5 * "®Fxo3-atm

l8ONOBS](HI) = l8ONOBS(tl) - l8ONOBS—uptake(tl) + ! 8ONOB)—prod (t)

I7ONo3](t|)= NO5 * "Fyxos-am

l7ONOBS](HI) = l7ONOBS(tl) - l7ONOBS—uptake(tl) +I7ONO3—prod (t)

I6ONOBS](tI) = NOB— * (1' IBI::NO3—z:1tm - I7I::NOBS—atm)

l6ONOBS](HI) = l6ONOBS(tl) - l6ONOBS—uptake(tl) +I6ONO3—prod (t)

15NNo3](t|)= NO5 * Fynos-am

l5NNOBS](HI) = IsNNO3(t1)_ I5NNOCi—upté:lke(tl) +15NNH4—oxid (tl)

[

[

[

[

[

[

[

["*Nnos]a= NOs * (1- "Fxos-atm)
["*Nnosleen = "Nrozan— *Nros-uptakett) + NNra-oxid 1)
['*Nno3-uptake Ja+1y = dt* uptake-ratenos * NOs @ * Frosw/a@' No3-uptake
[I4NNO3—uptake](t+l) =dt* uptake-rateNo3 * NO3—(t) * (1 -lsFNo3(t))

[!
[
[
[

80N03-uptake [y = dt* uptake-ratenos * NOs ™ "®Frosw/ @' nos-uptake

"Ono3-uptake Ja+1y = dt* uptake-ratenos * NOs ' * "Frosw/ @' 'No3-uptake

1%Ono3-uptake Ja+1) = dt* uptake-ratenos * NOs* (1-"®Fnos o - "Frosw)

BON03-prod] @+ = dt*oxid-ratexus*NHa* o *((2/3)* ¥ Fua0* ¥ No2-120-equil + (1/3)* ¥Fia0/a'Noo-120-

[""Ono3-proal 1y = dt*oxid-ratenns*NHa* o *(((2/3)* " Fuao*((@®No2-#20-cquit - 1) ¥ 0.5+1)) +((1/3)*

"Froo/((a'®*Noz-m20-nxr-1) ¥0.5+1)))

32.
33.

["*Ono03-proa] 1y = dt*oxid-ratenss*NHy* o) *((2/3)*(1-"*Frz0-'"Frzo) + (1/3)*(1-"*Fino-'"Fiz0))
" NO3 uptake = (l5a NO3 uptake — 1) *0.52 + 1

Particulate Organic Nitrogen

34.
35.

[PON]) ="*Npon +"*Npon
[PON]1y= PON+ lsNNO3—uptake(t)+ I4NNO3—uptake(t)+ lsNNH4—uptake(t)+ I4NNH4—uptake(t)' IsNNH4—pr0d(t)_

14
NNH4—prod(t)

36.
37.
38.
39.

[*Npon]ey= "Nron @ + lsNNOB—uptake o+ IsNNH4—uptake - lsNNH4—prod ®

["*Nron]wn="*Nron @+ I4NNO3—uptake o+ I4NNH4—uptake - I4NNH4—prod (®
SFpon = Npon/ (IsNPON+ I4NPON)

8" Nron= ((("*Npon/"*Npon)/0.00367)-1)*1000

Ammonium

40.
41.
42.

[NH4*] 1y = ""Numa + "“Nmac
60" " Nnna = ((("Nuna/"*Nyua)/0.00367)-1)*1000
SRyma = ((6"Nxma/ 1000)+1)*0.00367
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43. PFynsa= "Nyna/(Nypat "“Nang)

44, [Nxual = "Nnna @ - "Nyns-oxia + " NNta-prod - NNHa-uptake ()
45. [Nnna)@y= NHs* * PFus

46. ["“*Nnnalay= NHa** (1 - "Fyua)

47, ["*Nual = ""Nana @ - “Nyna-oxia + “NNma-prod = “NNHa-uptake )
48. [ Nnuaproa]a+y= PON * dt * prod-ratexus * Frone

50. [ Nyns-oxial 1y = dt*oxid-ratexus™ NHy* ) * PP/ @ Nia-oxia
51. ["*Nntis-oxia] ey = dt*oxid-ratenns™ NHa** (1-"Fxnaw)

52.[!
53.

*NNt4-uptake ]+ = dt* assim-ratexus * NHa** "Fnaco/ @' Nis-uptake

[
[
[
[
[
49. [I4NNH4_prod](t+|)= PON(t) *dt* prod-rateNm . (l'lsFPON(t))
[
[
[
["*NNts-uptake ] i+1) = dt* assim-ratenns * NHs*o* (1-"Fyaq)

Water

54. 8Ryn0 = (0'80p,0/1000) +1) * 0.002005

55. 8Fu0 = ¥Rypo/(*¥Ryzo + 1)

56. 8"7Op0 = 0'8040*0.52

57. "Ruao = (0"7Op0/1000) +1) * 0.00038

58. "Fiz0 = "Rino/(""Rio +1)

59. Ry02-m0-rquiL = ((8'80Oma0 + 13)/1000+1)*0.002005

60. "Frozm20-equi. = "*Ryoz-#20-squit/(*Ruoz-m20-souit1)
Text S3. Sensitivity Tests

Several parameters were tested to assess model sensitivity. The model output was
considered insensitive, moderately sensitive, or sensitive to parameter changes if isotopic yields
changed by: 0-5%o, 5-10%o, or >10%o, respectively. Initial §'>Nnos values between -10 to -2%o
and 6'" N4 values between -22 to 2%o were tested to assess the response of '’ Nnos, 8'°Nnus and
85 Npon output (Fig. S5). Isotope effects were varied according to published ranges including:
a'>N and a'*0 of NOs~ uptake (between 1.005 to 1.010, Difiore et al. 2009), a'*N of NH4"
oxidation (1.014, 1.019 and 1.030, Casciotti et al. 2003) and o!°N of NH4" uptake (1.000 to
1.020%o, Liu et al., 2013; Pennock et al., 1996; Hoch et al., 1992; Fig. S6). Nine different initial
concentrations of NO3 and NH4" (e.g. 1 to 9 pmol L'!) were tested to see how these changes alter
the steady-state solutions for N and O isotope ratios of all N pools (Fig. S7-S8). Finally, the

sensitivity of isotopologue ratios to biological rates were also tested and compared to isotopic
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property plots of the observations. A given rate was tested at three different values, while the
1sotope effects, concentrations, isotope compositions and other rates were kept constant (or as
described in Tables: S3-S4). Rates for NOs uptake, NH4" oxidation and NH4" assimilation were
tested at 0.2, 0.4, and 0.8 days™!, while NH4" production was tested at 0.02, 0.04 and 0.08 days™,
which were selected to represent a minimum, median and maximum value (Fig. S9).

Model sensitivity tests reveal that of all parameters tested, initialization of NH4" isotopic
composition (8'’Nnu4) result in the most drastic changes in model output (Table S5; Fig. S5b).
Modeled output for 8'*Nnn4, 8'*Nnos, and 8" Npon are insensitive to initial 3'*Nnos, but sensitive
to initial 8'*Nnn4 (change in output on the order of 15%o; Fig. S5a-b). §'®Ono3s and A"Onos are
considered insensitive to initial 3'*Omo (Fig. S5¢). Of the isotope effects tested, 6'>Nnua, and
8!°Npon are insensitive to the isotope effects for NH4" oxidation and '>N-NOs" uptake, while
85 Nnos is moderately sensitive to these initial values (Fig. S6a, ¢). A!’Onos and §'80no3 are
deemed insensitive to changes in '30-NOs- uptake (Fig. S6b). 8"’ Nnns and ' Nnos are sensitive
to initial values used for NH4" uptake, while 8'*Npox is insensitive (Fig. S6d). Finally, initial
concentrations of NH4"and NOs™(e.g., using a range of values) yield minimal effect on isotopic
output (e.g. less than 5%o change for 8'>Nnn4, 8" Nno3, and 3> Npon; no change for §'*Onos or
A'""Ono3), thus are deemed insensitive (Fig. S7-S8).

Sensitivity tests incorporating biological rate changes, suggest model output for the
isotopes of NOs-are least sensitive to NH4* oxidation (Fig. S9d-f), while §'>Nno3 is most
sensitive to NOs uptake and NH4" production/assimilation (Fig. S9a-c, g-1), with NH4"
assimilation adjustments doing the best job of potentially fitting the behavior of the observations
for '*Nno3 vs 8'80no3 comparisons (black line represents Scenario A; Fig S9j-1) followed by

changes to NOs~ uptake which achieves elevated 8'°Nnos values close to 15%o observed within
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the sea ice. Oxygen isotopes are most effected by NH4" assimilation, which is best illustrated by
Fig S9j-1. Upon this determination, the ratio of rates were adjusted until reaching the prescribed
best model fit, which involved setting the NO3  uptake and NH4" oxidation rates at 0.6 and 0.3
days™!, while NH4* production and assimilation were lowered to 0.03 and 0.08 days™!' (Table 2,
S3-S4). Contrary to the sensitivities observed from individual rate changes in Figure S9, the
challenge involved in modulating rates while fitting the isotopic-property plots for the
observations involves the interaction between multiple parameters at once and therefore might

require fine-tuning parameters that do not initially appear to drive the model output.

Text S4. [sotope Box Modeling Results

The “Atm + SW” Scenario C produces similar results to the “Atm-Only” Scenario B,
owing to the fact that it is initialized with a majority of atmospheric N. This model scenario
captures the ranges in the observations for NOs™ isotopologues, but fails to reproduce isotopic
observations for NH4" and PON. Unlike Scenario B, however, upper bounds of the 8'’Nnos range
are not fully captured (Fig. S10a). Given a greater initial proportion of seawater nutrients
(Scenario D), observed ranges for '%0nos (and A'7Ono3) are not captured by the model (Fig.
S10b-c), and fails to reproduce the entire range of elevated 3'’Nnos (e.g., >11-12%o; Fig. S10a).
However, this scenario better captures the §'"Nnn4 and 8'*Npon (Fig. S10d-¢). The apparent “fit”
to 8" Nnn4 and 8"’ Npon values derives largely from the higher starting values of '’ Nno3 and
8! Nnna prescribed for the seawater-dominant mixture (10:90). In all, the above scenarios
provide a less satisfactory explanation for the observed sea ice isotopologue distributions than
the “Atm-Only” scenarios (Fig. S10, 6d-f), largely because the incorporation and cycling of low
concentration, open-basin NO3~ and NH4" leads to lower than observed oxygen isotopologues

ratios.
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In Scenario E, the initial mixing of shelf nutrients with atmospherically derived nutrients
reduces the distinctive atmospheric signatures in sea ice at the onset of the simulation (Fig. S10;
see also the temporal evolution of model result in Fig. S4). As such, this scenario leads to
disagreement with the observed §!80no3 and A'"Onos, as well as the lower end of '’ Nnos (Fig.
S10-c). On the other hand, this scenario does capture the upper range of elevated 3'’Nnos values,
as well as the positive §'"*°Npon, but produces 8'°Nnna that is too high (Fig. S10a, d-e).

Scenario F implicitly models the biological processing of shelf-sourced nutrients first
followed by the incorporation and processing of an atmospherically sourced N pool. This reflects
that atmospheric deposition is stored near the sea ice surface and furthest from biological activity
near the sea ice base (Horner, 1985). Over time, we speculate that atmospheric nutrients become
more accessible for biological consumption and production, possibly as a result of drainage
networks during desalination that may aid in transport from surface ice to biological
communities located near the pack ice base. This scenario yields some of the highest '"Npon
values, but much narrower ranges in the NOs™ isotopologues than observed (Fig. S10a,e).
Moreover, Scenario F greatly underestimates the 3'®*Onos and A'’Onos and overestimates
8!"Nnma4 (Fig. S10b-d). While F captures the general patterns in behavior observed between
8" Nnos and both oxygen isotopologues, it greatly underestimates the §'80no3 such that the linear
relationship between 8'80no03 and A!7Onos is underestimated, and the high ' Nno3 associated
with low values for §'8%0nos are also not captured (Fig. 6g-i).

Scenario X comes the closest to capturing both the 8'*Npon and §'*Nnna, and broadly
reproducing the observed ranges of §'°Nnos, 8'®Onos, and A'’Onos, especially in comparison to
the “Atm+SW” and “Atm+Shelf” scenarios (Fig. S10). However, whether a 8'’Nnus end-

member value of 15%o can be justified is equivocal. Values this high have not been previously

71



observed in atmospheric samples from the Arctic, although existing data are limited. 3'>Nnn4
values as high as 15%o have been observed in rainwater in the subtropics (Altieri et al., 2014). On
the other hand, elevated 8'°Nnna4 values could originate from the shelf. At the onset of ice
formation in shelf polynyas, NH4" could be the dominant inorganic N species due to recycling of
phytoplankton blooms, as observed on the Bering Sea shelf (Whitledge et al., 1986). In turn,
relatively elevated 8'°Nnus in shelf waters are observed, due, in part, to benthic processing
(Granger et al., 2011; Morales et al. 2014; Brown et al., 2015b). In this case, however, an
elevated concentration and isotopic composition of NH4" must be incorporated in the sea ice with
little to no seawater NOj3", which while not impossible could be deemed overly specific as a
constraint. Moreover, the relative concentration of NH4" would need to remain low to minimize
dilution of the oxygen isotopologue signatures. Thus, the isotopologue distributions in the ice
column are only reproduced given a specifically elevated §'"Nnus end-member composition, the
potential origins of which are debatable. Additional sources of elevated 6'>Nnna4 to consider in
future study could be: NH4" originating from bird guano emissions and/or wildfires (Wentworth
et al., 2016; Blackall et al., 2007); and microbial sea ice communities experiencing osmotic
stress that release NH4" during stark changes in salinity (Firth et al., 2016), which are likely to

become more common as the surface ocean warms.
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Figure S3. Similar to Figure 5, mixing curves for atmospheric (SN, gray triangles), acrosols (AS, blue
triangles)) and seawater (SW, purple circles) end-members. Sea ice (SI, circles) are color-coded by station
latitude as noted in Figure 1. The N and O isotopic composition of nitrate are plotted against 8'*Oma0 (%o)
as follows: a.) 8'°Nnos (%o), b.) 8'*Ono3 (%0), and c.) A'Onos (%o). The nitrate isotopologues are plotted
against each other with d.) §'*Ono3 (%o0) vs. 3"’ Nos (%o), €.) 8" Nnos (%0) vs. A'"Onos (%), and f.) 8"*Onos
(%o) vs. A"’ Onos (%o). Curves illustrate mixes with mean (black dash), minimum (cyan), and maximum
(red) values for the atmospheric end-member. TotAD represents a mix of aerosols and snow, where
mixing curve values include: TotAD Mean (-1.2%o, 67.2%o, and 30.3%o for 8'°Nos3, 8'*Onos and A'"Onos,
respectively), Min (-3.6%o, 39.8%o, and 29.0%o, respectively), Max (5.9%o, 74.5%o, and 33.5%eo,
respectively), and the nitrate concentration was held at 1.3uM. §'*Omois represented by snow value (-
28%o) for all mixing curves.
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Figure S9. Sensitivity of property-property plots to biological rates: a-c.) nitrate uptake (model output =
orange tested at 0.2, 0.4, 0.8 days™), d-f.) ammonium oxidation (model output = red tested at 0.2, 0.4, 0.8
days™), g-i.) ammonium production (model output=purple tested at 0.02, 0.04, 0.08 days™) and j-1.)
ammonium assimilation (model output = blue tested at 0.2, 0.4, 0.8 days™). All modeled output reflects
values from initiation to steady-state, are based on the “Atm-Only” model, parameterized with mean
atmospheric observations from this study, and compared to actual observations.
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Isotope TAEA-N;(n) USGS34 (n) USGS35 (n) Sample Replicates (n*)
0N 0.21 (22) 0.29 (16) 0.24 (21) 0.23 (6)
080 0.72 (22) 0.74 (16) 0.73 (21) 0.44 (6)
A0 - 0.62 (14) 0.92 (15) 0.85 (4)

Table S1. Pooled standard deviation (10) of isotopic reference materials for all sample analyses where n
is number of analyses and n* represents the number of pairs.

Latitude 8" Nnn4+ (n) StdDev
87 11.71 (3) 1.45
85 2.98 (2) 0.80
88 3.90 (3) 0.42

Table S2. Mean 8"’ Nyn4+ values for 1 sea ice (station at 87°N) and 2 snow samples (stations at 85°N and
88°N) collected during GEOTRACES Arctic cruise at stations located at 87°N, 85°N and 88°N. Each
sample was analyzed (n) times to quantify reproducibility.

Rate 15¢ 18¢
Process ;

@) (%0) (%0)
NOj™ uptake 0.1-0.6 5-10 5-10
NH,4" uptake 0.001-0.1 0 -

PON ammonification 0.02-0.03 O —
NH4" oxidation 0.001-0.3 19-30 * Kk

*Isotope effect (13.5 %o) for equilibration between NO2™ with H,O
** Isotope effect (15%o) for O-atom incorporation from H>O during oxidation of NO2 to NO3”

Table S3: Ranges of values of N-cycling rates and corresponding isotope effects tested in the model
scenarios as discussed in Sections 2.4.1 and Supplementary Text S3 (see also ).
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Framework Parameter Description Scenario Values Tested Reference
Atm Only,
High 5'5Nwas Initial Atm + SW Atm + Shelf
(A-B,X) (C,D) (E, F)
Model dt Time step 0.01 days 0.01 days 0.01 days
o' 9N03, uptake N isotope effect of NO3™ assimilation 1.010 1.010 1.010 ;)(;ggorc etal.
18 . I Difiore et al.
o' °NO3, uptake O isotope effect of NO3™ assimilation 1.010 1.010 1.010 2009
15 . T . . A (1.030), Casciotti et al.
o nitrification N isotope effect of NHa™ oxidation/nitrification B.X (1.019) 1.019 1.019 2003
15 . + Hoch etal. 1992;
O "NH4, uptake N isotope effect of NH4™ uptake 1.000 1.000 1.000 Liu ctal. 2013
18 O isotope effect for incorporation of water Buchwald and
ONXRNO2 oxygen during oxidation from nitrite to nitrate 1.015 1.015 1.015 Casciotti 2010
18 . NOo ecriilih s Buchwald and
o %eq O isotope effect for H2O-NO2" equilibration 1.0135 1.0135 1.0135 Casciotti 2013
o' Sammonification N isotope effect during ammonification 1.000 1.000 1.000 ligl(;;nann ctal.
R R A (0.6 days"), 0 0
Rates NOs3" uptake Uptake rate of NO3 B.X(0.1days™) 0.1 days 0.1 days
P . N A (0.3 days™), 0 E (0.1 days™);
NH4" oxid Oxidation rate of NH4 B.X(0.1 days’l) 0.1 days F (0.001 days’l;().] days'l)
N . N A (0.03 days™), -1 -1
NH4" prod Production rate of NH4 B.X(0.02days) 0.02 days 0.02 days
L L N A (0.08 days™), 0 E (0.1 days™);
NH4" assim Assimilation rate of NH4 B.X(0.1 days’l) 0.1 days F (0.001 days’l;().] days'l)
] B . A (2.5 uM), C (1.6uM), D (0.4pM) E (11.7 pM), ;
NO3] initia Initial [NO3 7 V), This study**
Nutrients INOs T nitial [NO37] B.X (1.7 uM) *C (1.2pM), D(0.3uM) F (10.0 pM; 1.9 uM) 15 sty
. A Q2.5 pM), E (5.0 pM), .
NH4"] initi Initial [NH4" C (1.2uM), D (2.7uM HV), This study**
[NH i nitial [NH+') B,X (1.0 uM) (1:2uM), D 2.7pM) F (4.0 uM; 10.0 uM) s sty
15 ) oS B A (0%o), C (-2.0%o), D (3.4%o) E (6.5%o), . ok
Tsotopologues 8" NN03, initial Initial "N NO3 B,X (-2.1%o) *C (-1.1%o0), D (4.2%0) F (8.0%o0; 0.1%o0) This study
A (0%), E (7.1%0)
5 NNH4, initial Initial 8'°N NHa" B (3.4%), C (4.3%o), D (6.9%o) PORAN This study**
X (15%2) F (8.0%o; 7.0%o)
18 ) o1 SIS A (82%), C(77.8%), D(35.9%0) E (10.9%), . -
87Ono3,piial  Initial 570 NOs- B.X (73.9%)) *C (66.1%0). D (27.8%) F (0.0%0; 70.1%0) This study
o o E (4.5%o),
AOnos,imat Initial ATONOF A-X (30 4%)) € (29:9%0), D (13 8%0) F (0.0%0: 27.8%0) This study**

*C (29.8%0), D (12.5%o)

* Trials where the combined average of the aerosols and snow were used to initialize the model
** Shelf scenario references used to inform model: Morales et al. 2014; Granger et al. 2011, 2018; Brown et al. 2015b; Fripiat et al. 2018

Table S4. Parameters used and values selected for each model scenario tested.
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Initialization 5" Nno3 5'80N03 AOnos S5 NNH4 85NroN
*NH4": 1 uM, -2.1 t0 9.0%o0 12.1 to 68.9%o -0.1 to 32.3%o 3.4 t0 13.0%0 -6.3 to 0.0%o0
515 Nta: 3.4%o (2.4%) (27.7%) (6.8%) (8.5%) (-1.8%0)
NHs": 1 uM, -2.1t012.0%  12.1 to 68.9%0 -0.1 to 35.2%o 10.2 to 20.2%o -3.2 t0 2.2%o
515Nnta: 12%o (5.3%) (27.8%0) (6.8%) (12.3%) (1.3%)
NH4": 1 uM, -2.1t013.1% 12.1 to 68.9%0 -0.1 to 35.3%o 11.4 to 22.9%o -2.0 to 3.4%o
85 Nz 15% (6.4%) (27.7%) (6.8%) (13.7%) (2.5%)
NH4": 10 uM, -6.5 to 8.0%0 12.1 to 68.9%o -0.1 to 35.2%o 3.4 to 18.5%0 -0.1 to 1.8%o
515 Nta: 3.4%o (3.1%) (17.1%o) (2.1%) (11.8%0) (1.3%)
NH4": 4 uM, -2.6t011.4% 12.1 to 68.9%0 -0.1 to 35.2%o 8.0 to 21.2%o 0 to 4.1%o
55 Nuna: 8% (6.0%) (21.0%) (3.8%) (14.2%) (3.5%)
NH4": 4 uM, -2.1t014.1%0  12.1 to 68.9%0 -0.1 to 35.2%o 12.0 to 24.9%o 0 to 6.9%o
515 Nta: 12%o (8.7%) (21.0%) (3.8%) (17.2%o) (6.3%)
NH4": 4 uM, 2.1t016.2%0  12.1 to 68.9%0 -0.1 to 35.2%o 15.0 to 27.7%o 0 to 9.0%o
515 Ntia: 15%o (10.7%) (21.1%0) (3.8%) (19.5%) (8.4%)

Table S5. Model sensitivity to changes in ammonium concentration and isotopic composition at
scenario initialization. Bold outputs highlight initialization conditions that match multiple isotopes.
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Abstract

Characterization of A'’O presents interesting insights from atmospheric and ecosystem
perspectives. Sample requirements needed to characterize A!’0 of nitrate typically range from
50-200 nmols. Samples with very low concentrations (<1 uM) or limited sample are often pre-
concentrated which can compromise sample results (e.g., isotopic fractionation). We present a
new approach that removes sample pre-treatment and allows for quantification of A”O. Using
the denitrifier method, NOs™ is converted to N>O gas, which is then measured via continuous
flow on a Gas Chromatograph Isotope Ratio Mass Spectrometer (Sigman et al., 2001; Casciotti
et al., 2002; Kaiser et al., 2007). An isotope dilution technique was developed to allow for
measurement of very low concentration samples (e.g. <0.4-0.6 micromolar) and evaluated using
reference materials and previously measured samples as a proof of concept. This technique
involves the addition of a known reference material to an aliquot of sample to meet analytical
mass requirements followed by mass balance to obtain the A'’O composition of the unknown
sample. Isotope dilution presents an alternative method for meeting all analytical requirements of
A0 characterization. Using a calibration between mass spectrometer peak area and mass
injected, the A'’O is quantified for a variety of samples with an uncertainty of £10-15%
uncertainty (~2-3%o) for natural samples. This technique can reliably constrain the area-mass
relationship required to determine A'’O of nitrate in low concentration samples. While the
precision is higher than other approaches, this method reduces the risk of compromising sample
results due to pre-treatment and allows for the determination of low concentration samples with

limited volume.
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1. Introduction

Less abundant oxygen isotopes (17O and '80) fractionate in a predictable way via most
chemical and physical processes in terrestrial materials (e.g., atmospheric O», atmospheric water,
seawater, bulk silicate) as a function of mass differences. This mass-dependent behavior
describes the fractionation of 8'70 relative to 8'0 and is defined as: (1) 870 = 0.52 x 3'%0
(Matsuhisa et al., 1978). Oxygen anomalies were first recognized in meteorites (e.g., Clayton et
al., 1973) and ozone, which diverge from this mass-dependent behavior resulting in '’O
anomalies (Thiemens and Heidenreich, 1983). Ozone (O3) is an important oxidant in the
atmosphere, thus these '’O anomalies are transferred during any oxidation reaction involving O3,
making them particularly useful for atmospheric chemistry studies because they are distinctive of
photochemical reactions and their characterization has become more extensive in the recent past
(Miller et al., 2002; Michalski et al., 2003; Thiemens et al., 1999).

One such example results from interactions between nitrogen oxides (NOx = NO + NO»)
and O3, where atmospheric nitrate has distinctly elevated 3'’0O and §'30, which can be defined
non-linearly and linearly as A'’O (Miller at al., 2002; Kaiser et al., 2007; Michalski et al., 2003).
For consistency with previous work, A'7O is characterized using the linear definition (A!'70O =
8'70 — 0.52 x 8'80 # 0), which describes the average mass-dependent covariation of the less
abundant isotopes found in terrestrial materials (Thiemens and Heidenreich, 1983; Thiemens et
al., 1999; Miller et al., 2002; Michalski et al., 2003). This relationship describes the anomalous
170 present in trace gases relative to 80, which can result in A”O ranging from 22-44%o from
mid- to high-latitudes and deviates from the expected mass-dependent relationship (1)
(Michalski et al., 2012 and references therein). With the exception of Os, other atmospheric

oxidants (RO2, O, OH and H>0) have A!7O close to 0%o (Michalski et al., 2004; 2012 and
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references therein), thus this mass-independent anomaly acts as a conservative tracer of
atmospheric nitrate and has been used for understanding changes in oxidation chemistry and
oxidizing capacity of the atmosphere across space and time using field observations and
modeling studies (e.g., Geng et al., 2014, 2017; Kunasek et al., 2008; Fibiger et al., 2013;
Alexander et al., 2009, 2019), as well as, gaining insight into the role of atmospherically
oxidized nitrate in aquatic and terrestrial environments (e.g., Michalski et al., 2004; Hundey et
al., 2016; Bourgeouis et al., 2018). However, this atmospheric feature (A!’O) can be quite
challenging to characterize.

To determine A!70, both chemical and bacterial methods can be used to convert sample
NOs™ to N2O gas followed by isotopic characterization of O, via microwave discharge
(Mukotaka et al., 2013), cavity ringdown laser spectroscopy (Gazquez and Claire, 2018), or
pyrolysis and isotope ratio mass spectroscopy (Kaiser et al., 2007; Komatsu et al., 2008; Geng et
al., 2013). A disadvantage of most methods is that they have large sample size requirements
(e.g., 50-300 nmols, where 100 nmols is most common) to generate reproducible results (Kaiser
et al., 2007; Morin et al., 2009; Geng et al., 2013). This often acts as a limiting step for the
convenient analysis of low concentration samples (<1 uM) and depending on sample type,
collection volume can also be a limitation often prohibiting analysis entirely. Both challenges are
often incurred during ice core research. The bacterial denitrifier method allows for much smaller
sample sizes (e.g., 30-50 nmols), but samples with low concentrations or limited volume must be
pre-treated. Concentration methods have been implemented to achieve adequate mass
requirements while adhering to analytical volume constraints when conducting isotopic analysis
(Silva et al., 2000; Frey et al., 2009; Erbland et al., 2013; Shi et al., 2015). Pre-treatment of

samples can lead to fractionation of the isotopic composition and introduce matrix blanks from
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concentrating samples via resin columns that are not always consistent and easily correctable
(Shi et al., 2015). Specifically, a two-step correction has been used to account for the influence
of an inconsistent NO3 blank detected among different batches and lot numbers of NaCl salts
used for sample pre-treatment (see Shi et al., 2015 for details). Consequently, it is ideal that
i1sotopic analysis take place without pre-treating samples to avoid these issues.

As an alternative approach, we introduce a new application of the denitrifier-pyrolysis
method using isotope dilution to circumvent situations where pre-treatment of samples may be
required. Isotope dilution is the quantitative addition of an isotopic spike to a sample of some
unknown isotopic composition, where the composition of that mixture is measured using an
i1sotope ratio mass spectrometer, and the isotopic composition of the unknown is calculated using
an isotope mass balance model (see Methods for further details) (Garcia Alonso and Rodriguez-
Gonzalez, 2013; Hayes, 2004). This technique has been used for a variety of applications
(typically radiogenic in nature) where trace amounts of an element/compound of interest are
more easily quantifiable using this approach. We discuss a series of experiments used to validate
this technique using the denitrifier method, and its application using standard mixes and real

samples that have been previously characterized for A!’O of nitrate.

2. Methods
2.1 Overview of the denitrifier-pyrolysis method for A'’O analysis

Previous work describes protocols implemented for A!7O analysis at Brown (e.g., Fibiger
et al., 2013; Buffen et al., 2014; Shi et al., 2015), but for completeness we describe the method
here. The characterization of A'’O requires the measurement of 3'*0 and §'’O, which are
quantified using the bacterial denitrifier method and gold-tube pyrolysis (Sigman et al., 2001,

Casciotti et al., 2002, and Kaiser et al., 2007). Discussion of medium preparation, ideal culturing
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conditions and sample preparation are detailed in the original methods papers (Sigman et al.,
2001; Casciotti et al., 2002). An aliquot of sample containing 35-50 nmols of nitrate is
quantitatively converted to nitrous oxide (N2O) using denitrifying bacteria (Pseudomonas
chlororaphis spp. aureofaciens (ATCC® 13985™, Manassas, VA)), which is then extracted,
purified and cryo-focused before thermal decomposition to N> and O: in a gold tube heated to
770°C (Kaiser et al., 2007; Fibiger et al., 2013). The O» is measured at m/z 32, 33, and 34 on a
gas chromatograph isotope ratio mass spectrometer (GC-IRMS, Thermo-Scientific Finnigan Gas
Bench II and Delta V Plus) in continuous flow mode. Nitrate isotopic NIST reference materials,
USGS34 (KNO3) and USGS35 (NaNOs), are prepared in ultrapure MilliQ (18.2 Q) water (i.e.,
MQWA) and analyzed in each set to mimic sample processing that takes place, along with a mix
of USGS34:USGS35 as an internal quality control. The measured mass ratios are corrected based
on a linear fitting of reference materials to known values for USGS34 (A!70 = -0.292%o) and
USGS35 (A0 = 21.6%o0) (Kaiser et al., 2007). Isotopes are corrected for bacteria and water
blank effects, exchange with water, and mass-dependent fractionation following methods in
Kaiser et al., (2007). Isotope ratios are reported in delta notation defined as: 6 (%o) = [(Rsampte)/(R
standard)-1] X 1000, where R =170/'°0 and '30/'°0 for 8'70 and 5'%0, respectively and values are
referenced to Vienna Standard Mean Ocean Water (VSMOW, Bohlke et al., 2003; Kaiser et al.,
2007). A0 is defined linearly (A'7O = 870 — 0.52 x §'80 # 0) to maintain consistency with
previous work (e.g., Michalski et al., 2002, 2003, 2004; Alexander et al., 2004, 2009; Kunasek et
al., 2008; Frey et al., 2009; Erbland et al., 2013; Fibiger et al., 2013; Buffen et al., 2014; Shi et
al., 2015).

2.2 Calibration of a nitrate reference spike
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Normalizing the total volume for each injection minimizes any possible volume effect
and using pre-purged water minimizes non-sample N>O from being analyzed with sample gas.
For this study, volumes of helium-purged MQW A/sample water were standardized to 15-30 mL,
such that maximum volume did not exceed 20 and 35 mL (e.g., sample, bacteria, and spike) for
respective experiments. Experiments were initially designed for 30 mL of volume, but we found
a greater sensitivity and higher area yield when injections were reduced to 15 mL. We present
data from both experimental setups, but emphasize results from experiments conducted using 15
mL. We refer to 30 mL and 15 mL experimental conditions as Experiments 1a-e, and 2a-d,
respectively.

During each run, a calibration is generated relating a range of masses of USGS34 to volt-
seconds on a GC-IRMS. We chose USGS34 as the spike because sensitivity tests suggest that
using a standard as the spike furthest from the anticipated isotopic composition produces the best
results (see Table 1 for sensitivity calculations). For example, USGS34 (A'70 = -0.292%o) acts as
a more sensitive spike than USGS35 (A!7O = 21.6%o) for samples that are predicted to reflect
atmospheric nitrate, which typically range from 22-40%., (Michalski et al. 2012; Fibiger et al.
2013). For the purpose of this study and based on these results, USGS34 was selected as the
spike for all experiments discussed below and we set a lower limit of 30 nmols of nitrate as
analytically measurable, which was based on previous determination of mass spectrometer

detection limits using the A'’O method (Buffen et al., 2014; Shi et al., 2015).
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USGS34 Calibration USGS35 Calibration
Sample (nm) USGS34 (nm) A'70 Mix (%) USGS35 (nm)  A!70 Mix (%o)
5 30 4.0 30 28.8
10 30 7.3 30 27.9
15 30 9.8 30 27.2
20 30 11.8 30 26.6
25 30 13.5 30 26.2
30 30 14.9 30 25.8
Difference (%o) 10.8 3.0

Table 1: Mass balance sensitivity calculations for two reference standards (e.g., USGS35 A0 =
21.6 and USGS34 A!'70 = -0.292) assuming the “sample” has an isotopic composition (A'’O) of
30%o.

Constraining the relationship between sample mass (nmols nitrate) and the corresponding
signal registered by the mass spectrometer (volt-seconds) is critical. This relationship is then
used to determine the mass of unknown samples by difference (i.e., sample+spike mixture —
spike = sample). A mass calibration was conducted for a range of masses during each analytical
run (e.g., 30-60 nmols of analyte), where triplicate injections were conducted for each mass of
the selected spike standard. MQWA was pre-purged with helium and added to each calibration
vial at a normalized volume as described above. Instrument sensitivity and healthy bacteria are
critical for generating a strong linear relationship between mass injected (i.e., nmols) and peak
area yield (i.e., volt-seconds) (Sigman et al., 2001; Casciotti et al., 2002).

2.3 Experimental setup & dilution calculations

Spike injections were normalized to 30 nmols of a high concentration (50 umol L)
USGS34 solution, which ensured that all analyses had the minimum mass required for accuracy
and precision once the low mass sample was added. A standardized volume of sample was then

added to each vial (i.e., 15 mL). Each analytical set included: a bacteria blank, a MQWA blank

of equivalent volume to samples, a lab quality control standard (30 nmols of 34:35 Mix), and a
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second nitrate reference standard (30 nmols of USGS35), which were used for correction
purposes.

Once the experimental procedures were complete, we conducted a series of calculations
to determine/characterize the A'’O composition of the “unknown” sample. First, a linear
regression (y = mx + b) was generated from the calibration curve relating mass injected (x) and
peak area yield (y) with a corresponding slope (m) and y-intercept (b), which describes the
generated peak area for different mass additions of the spike (USGS34). If this is well
constrained, the same relationship can be used to decipher the area of an unknown sample in the
spike-sample mixture. Using this linear relationship, the residual mass of the added unknown
sample in the spike-sample mixture was determined by: 1) taking the difference between the
average area for triplicate 30 nmol injections of the spike (USGS34) and the mixture area, and 2)
substituting the residual area (RA) into the linear regression generated from the calibration curve
to solve for the residual area mass (RA Mass) illustrated by the equations below:

(1) Residual Area (RA) = Mix Area — Average Area (30 nmol USGS34)
(2) Residual Area Mass (RA Mass) = (RA —b)/m
Once isotopic corrections were made, the isotopic composition of the mixture (e.g., spike +
sample) and spike, and the mass of the mixture, sample, and spike were used to solve for the
A0 of the sample by mass balance using equation (3). Equation 3 is based on and adapted

from (Ssample = (Smix(Mspike + Msamp]e) - (Sspike X Mspike))/ Msamp]e) (Hayes, 2004)

A170Mix(Mspike"’Msample)_(A17ospike X Mspike)

Msample

(3) A17()samp]e =

An outline schematic of these steps is illustrated in Figure 1.
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Generate calibration regression of the spike relating a
range of masses to area (y = mx+b, See Figure 2)

Test spike-standard mixtures (spike + standard)
(See Table 3)

Calculate (1) residual area (RA) by difference and (2)
residual area mass (RA Mass) using calibration
regression:

(1) RA = Mix Area - Average Area (30 nmol spike)
(2) RA Mass =(RA -b)/m

Calculate A0 of sample using mass balance eqn (3):

A"O = A"O_ (M. +M__ )(A"0_. xM

sample Mix spike sample- spike sgike)

sample

Figure 1: Schematic of dilution method major steps.

2.4 Standard mixes & environmental samples used for method validation

We take two approaches to test the validity of the dilution approach. Preliminary
experiments using nitrate reference standards were conducted followed by analysis of previously
characterized environmental samples. First, the peak area of USGS34 was calibrated from 30-60
nmols, where each mass was injected in triplicate. Then, 30 nmols of USGS34 was added to
fifteen test “sample” vials. Using a USGS35 solution (e.g., 50 uM for this study), triplicate
injections of 10, 15, 20, and 30 nmols were added to each spiked “sample” vial followed by 15
mL of pre-purged MQWA (30 mL for Exp: 1a-e), which covered the calibration range (e.g., 40 —
60 nmols). In theory, the mixtures should reflect a A'’O that is intermediate between both
reference values according to the mass of USGS35 added to each mix and the A0 of USGS35
(21.6%0) (measured as an unknown) determined via mass balance. Each standard mixture was

used as a quality control to check whether the dilution experiment was successful, based on
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whether the isotopic composition of the “unknown” (i.e., USGS35 in this case) met a threshold
within the expected A!7O.

Previously measured samples were selected for reanalysis and validation experiments.
High concentration samples (as high as 99 uM) from two separate data sets (Princeton rainfall
(Kaiser et al., 2007) and Colorado lake water/precipitation (Clark et al., in prep) and two separate
analytical periods (circa 2003 and 2018, respectively) were selected, diluted to concentrations
less than 1 uM and treated as unknowns. Three samples from each dataset were injected in
triplicate. As described in the previous experiment, the same calibration range was implemented
and 30 nmol of spike was added to 15 mL or 30 mL of sample. To verify that the change in
standardized volume did not dramatically alter the isotopic composition determined via this
method, the Princeton samples were analyzed under both experimental conditions (i.e., 15 and 30
mL injections). Additionally, a selection of samples not previously characterized were analyzed
multiple times (on at least two separate occasions in triplicate) to assess reproducibility across

analytical experiments and bacterial batch conditions.

3. Results
Experimental results are described for: 30 mL (Exp. la-1e) and 15 mL (Exp. 2a-2d) calibration
experiments followed by the application to pre-made standard mixtures and environmental
samples. Uncertainty results are also reported.
3.1 Mass-area calibration sensitivity of the nitrate reference spike

Calibrations for mass injections of USGS34 were relatively consistent and reproducible
between runs (Figure 2; Table 2). Regression slopes ranged from 0.38 - 0.65 with an R? of 0.98
or better (see Figure 2; Table 2). Slope sensitivity was higher (~0.6) for 15 mL experiments (2a-

d) compared to larger injections (~0.4 for 30 mL, Exp. l1a-e) (Figure 2; Table 2). The regression
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slopes (~0.6) correlate to higher yield of N>O via bacterial conversion of nitrate, which are
important to the sensitivity of the residual area and mass calculations. The precision of the 30
nmol of USGS34 spike added to all samples was quantified by taking the standard deviation of
triplicate injections, which on average was better than 0.4 volt-seconds. The average area for the
standardized spike addition (30 nmols USGS34) was ~17.1£1.2 volt-seconds (across Exp. 2a-d).
The mass-peak area relationship was linear with reproducible peak area yields for 10 nmol
differences in mass injected, on average 6.26 + 0.91 volt-seconds were observed between
calibration points (Figure 2). Since the areal yield is dependent on bacteria health and mass
spectrometer sensitivity, an average value for the spike was calculated for each run and used to

calculate the residual area of the unknown mass in all standard and sample mixtures (Equation
1).

Mass: Area Calibration
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Figure 2: Calibration curves using USGS34 for Experiments 2a-d (15 mL experiments) and 1a-e
(30 mL experiments).
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Experiment  Normalized Slope Y-intercept R? Spike Area 30 nmol Relative Standard

Volume (mL) (m) (b) (xxl1o) Deviation (%)
2a 15 0.5687 -1.0396 0.9923 15.41+0.33 2.14
2b 15 0.6374 -1.6743 0.9960 16.99+0.30 1.77
2c 15 0.6508 -0.915 0.9958 18.83+1.14 6.05
2d 15 0.6144 -1.4928 0.9990 17.02+0.49 2.88
la 30 0.4617 -0.5615 0.9975 13.08+0.12 0.92
1b 30 0.388 0.7066 0.9977 12.12+0.27 2.23
Ic 30 0.4205 3.0417 0.9878 15.09+0.63 4.17
1d 30 0.3472 1.4591 0.9975 11.76£0.11 0.94
le 30 0.3737 0.6374 0.9990 11.75+0.14 1.19

Table 2: Linear regression components and spike yield for each experiment calibration
conducted.
3.2 Method validation using standard mixes & environmental sample mixes

As expected, a gradual shift in the measured isotopic composition of the mixtures toward
a higher A'’O was observed as mass additions of 10, 15, 20 and 30 nmols of USGS35 were
added (not shown). Dilution experimental success was based on whether the isotopic
composition of the “unknown” (i.e., USGS35 in this case) within the standard mixtures was
within 10-15% (2-3%o) of the expected A'’O. However, mass balance calculations across all
mixture injection replicates reflected an average of 23.4 + 4.0%o or 16.9% uncertainty for
USGS35 in the 15 mL experiments (e.g., reference value A'’O = 21.6%o). There is inherently
greater uncertainty (16.9%) associated with the standard mixes due to the additional step of
pipetting small mass amounts of USGS35 to these mixtures (Figure 3; Table 3). In contrast, we
determine uncertainty for the actual unknowns based on the 30 nmol spike injections. A lower
uncertainty is associated with the unknown samples because they only include the spike (0.6 mL

of USGS34) and sample (15 mL) compared to the standard mixes, which include small mass
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injections of the spike (0.6 mL of USGS34) and a second additional standard (0.2 to 0.6 mL of
USGS35) in addition to MQWA.. Bacteria blanks were undetectable (<0.2 volt-seconds), as were
water blanks for all but two experiments.

With the exception of one of these samples, all A'’O values characterized by dilution
were within 3%o of the previously characterized samples from Princeton and Colorado (Table 4).
Validation samples tested at both standardized volumes (i.e., 15 and 30 mL, Princeton rain, n=3)
generated reproducible isotopic results that were within the overall uncertainty regardless of the
change in volume (Table 4). For samples (CO-7 to CO-18) that were analyzed multiple times
across experimental sets, we observed good agreement between runs (Table 5). With the
exception of a few samples, the majority have an uncertainty <10-15% (2-3%o) (Table 5).
Interestingly, two analytical sets (Exp 2b-c) used the same bacteria batch, but were harvested ~ a
week apart and resulted in higher A!7O values for the second set (2¢). The greater variability
observed for these samples is most likely a function of the bacteria media age.
3.3 Quantitative measures for assessing uncertainty

To assess the uncertainty of our measurements, we use three quantitative measures from
our experiments. First, the generation of a calibration curve with a given R? for each
experimental set reflects uncertainty associated with mass injections at each calibration point
(mass) and the corresponding mass spectrometer response (volt-seconds yield). The relationship
between these two calibration components produced R? values better than 0.99 for Experiments
2a-d and better than 0.98 for all but one set in Experiments 1a-e (Table 2). In addition, the
standard mixes included in every experiment inherently incorporate some uncertainty with small
additions of USGS35 (10, 15, 20, 30 nmols) added to each mixture on top of the uncertainty

associated with the instrumental response and 30 nmol injections of USGS34. In particular, 10
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and 15 nmol injections were more variable in the final isotopic output (A!’O) for the reference
value of USGS35 (Table 3), yet the average A'’O calculated across all experiments is within 1%o
(22.7%o) of the expected reference value (i.e., USGS35 A!7O =21.6%o) (Table 3). This is likely a
function of both the sensitivity of the mass balance calculation to determine the reference value
and the accuracy with which we were able to add these small amounts of mass in a reproducible
manner. Lastly, we attribute the overall uncertainty of the method to the reproducibility of the
sample replicates reanalyzed during multiple experiments, which contain the standardized spike
amount (30 nmol) and a sample volume added in milliliter (i.e., 15 mL) as opposed to microliter
(e.g., 200-600 pL or 0.2-0.6 mL) quantities. Reanalyzed samples include both validation sample
sets (Princeton rain and Colorado precipitation/lake water), as well as, low concentration samples

reanalyzed across multiple dilution experiments (Table 4).

Experiment USGS 35 Mass  Calculated A'7O (%)
xtlo
2a 10 21.7+0.4
15 24.2+1.8
20 24.6+1.9
30 27.1+0.9
2b 10 20.2+£3.6
15 17.6+2.5
20 23.4+£2.0
30 22.9+0.8
2c 10 23.1+4.3
15 18.4+7.6%
20 24.3+0.7*
30 23.0+1.5%
2d 10 20.0+2.3
15 24.2+3.0
20 23.4+1.5
30 25.0+£1.7

Table 3: Average and standard deviation (x+1c) for the calculated A'’O for added mass (10, 15,
20, 30 nm) of USGS 35 for Experiments 2a-d. An asterisk reflects 2 replicates instead of 3. For

reference, A0 of USGS35 =21.6%o.
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Sample Analyzed A0 (%)  Prev. A0 (%o)
x+lc Reference
CO-1 2.25.19% 27.7+0.8 28.2
CO-2 2.25.19% 5.1+1.2 3.2
CO-3 2.25.19% 9.1+0.5 8.3
PRN-1 5.29.19 31.5+0.1 29.3
2.26.19% 34.4+0.5 29.3
xxtlc 33.0+2.1 -
PRN-24 5.29.19 28.9+1.7 28.4
2.26.19% 29.8+1.9 28.4
xxtlc 29.4+0.64 -
PRN-27 5.29.19 29.2+1.6 26.3
2.26.19% 29.1+1.2 26.3
xxtlc 29.2+0.1 -

Table 4: Previously characterized A!'’O values (Prev. A7O) from validation samples in
comparison with reanalysis via dilution (A'’O, x+1c). A'7O values on a given analytical date
reflect 2-3 replicates per sample. The average and standard deviation is calculated to reflect and
account for variability in bacteria experimental sets. An asterisk reflects experiments where the
dilution volume was standardized at 30 mL instead of 15 mL.
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Sample  Analyzed A0 (%o)
x+lo
CO-4 5.29.19 30.8+0.7
CO-5 5.29.19 26.5+1.6
CO-6 5.29.19 28.24+2.4
CO-7 8.18.19 30.7+6.5
8.23.19 34.3+0.0
x+lo - 32.5+2.5
CO-8 8.18.19 30.8+£2.3
8.23.19 37.8+0.6
x+lo - 34.3+4.9
CO-9 8.18.19 1.2+0.3
8.23.19 2.1+0.3
x+lo - 1.7+0.6
CO-10 8.18.19 27.4+2.1
8.23.19 39.7+7.1
x+lc - 33.6+8.7
CO-11 8.18.19 32.3+0.8
8.23.19 38.8+2.7
x+lc - 35.6+4.6
CO-12 8.18.19 34.2+0.9
8.23.19 39.4+0.3
x+lo - 36.8+3.7
CO-13 8.18.19 21.9+0.1
10.10.19 27.0+£3.6
x+lo - 24.5+3.6
CO-14 8.18.19 32.1+£7.5
8.23.19 34.3+£5.2
x+lc - 33.2+1.6
CO-15 8.18.19 25.24+3.6
8.23.19 31.0+7.7
x+lo - 28.1+4.1
CO-16 5.29.19 11.7+0.4
8.18.19 8.7+0.4
10.10.19 9.6+0.6
xtlo - 10+1.5
CO-17 5.29.19 8.6£1.9
8.18.19 8.442.2
x+lc - 8.5+0.1
CO-18 5.29.19 7.0+1.4
8.18.19 14.24+4.8
8.23.19 5.1+0.9
10.10.19 4.9+0.9
x+lc - 7.8+4.4

Table 5: A'’O determination for “unknowns” from different 15 mL experiments, where each
A0 value on a given analytical date reflects 2-3 replicates per sample. For all samples, the
average and standard deviation is calculated to reflect and account for variability in bacteria
experimental sets.
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4. Conclusions

Low concentration nitrate samples (<1 uM) have been nearly impossible to characterize
for A0 without pre-treatment of samples, which is further challenged when concentrations are
low and sample volume is limited. Isotope dilution presents an ideal approach to analyze these
samples which minimizes steps that can introduce fractionation and blank effects associated with
methods involving pre-treatment of samples. This approach enables the user to measure the
1sotopic composition of samples containing 6-10 nmol (~0.4-0.6 uM) of mass in addition to a
baseline isotopic reference material (in this case 30 nmol) allowing us to push the boundaries of
and remain well within the instrumental limit of detection. Measured uncertainties (10-15% for
samples, and slightly higher, 16.9%, for standard mixes due to the added step of small mass
additions) are larger than traditional techniques with higher concentrations of nitrate. However,
in many cases in which the absolute mass is low, but the geochemical signal is large, the relative
uncertainty is acceptable because the data are still useful to our understanding of the system
measured (e.g., Michalski et al., 2004; Riha et al., 2014; Hundey et al., 2016; Bourgeouis et al.,
2018; Clark et al., 2020; Clark et al., in prep). While this approach may be highly applicable for
ice core studies, it can be implemented on any sample type where concentration is the limiting
factor for conducting isotopic analysis, potentially enabling for further detailed analyses in
environments where data are lacking/minimal. The inherent uncertainty associated with test
mixtures containing USGS34:USGS35 is larger than that associated with the unknowns/
previously uncharacterized samples, which are only dependent on the reproducibility of the
standardized spike addition. We emphasize that the successful application of this method heavily
relies on thoroughly constraining the relationship between small mass differences and peak area

yield established during the spike calibration. This is especially important for the standardized
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spike amount added to all sample-spike mixtures because the proceeding calculations used for
the determination of the residual area and associated mass rely on a reproducible signal, which is
contingent on accuracy of the solution injection, and complete quantitative conversion of that
nitrate to the sample N>O via healthy bacteria. While A’O characterizations can be conducted
using concentration techniques, we warn against methods that can introduce fractionation and

possible blank effects and instead suggest this isotope dilution approach as a useful alternative.
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Abstract

Federally mandated air quality regulations have resulted in steep declines in NOy
emissions, and a shift towards a more reduced nitrogen (NH3z as NH4") deposition landscape, on
average, across the United States. Surface water chemistry in Colorado alpine environments
have shown clear indications of continuing to receive high inputs of reactive nitrogen, despite the
national emissions and deposition changes. Here we investigate trends in inorganic nitrogen
concentration data in the Colorado alpine over the last ~2 decades during which the national
nitrogen landscape has changed dramatically. We aim to understand whether sites in the western
U.S., and particularly alpine ecosystems, are indeed seeing less atmospheric reactive N input
over time and whether these trends are driven primarily by changes in emissions or whether
changes in transport are important for driving trends. In general, the western U.S. sites (including
alpine stations) follow the national trends of dramatically decreased nitrate concentrations, while
ammonium has gradually increased/remained constant over time annually and seasonally.
However, there is a good deal of site-to-site variability in these overall trends. Utilizing one high
elevation long-term monitoring site in Colorado as a case study, back-trajectory clustering
analyses were investigated to understand the role of atmospheric transport in concentration and
deposition trends. Concentrations were more variable and tended to be higher during spring and
summer seasons, which were also coincident with more variable transport during these seasons.
Over the ~20-year period, the role of westerly short-range transport from western Colorado/Utah
gradually became more important making up almost 50% of the transport on 4-year time-scales.
These results suggest additional monitoring/regulation of regional emission sources may be

needed in the future immediately to the west/southwest of this region.

108



1. Introduction

Nationally, nitrate deposition has decreased dramatically in the U.S. since 1990 as a
result of national emission standards on precursor nitrogen oxides (NOx = NO + NO»); however,
atmospheric total dissolved inorganic nitrogen inputs have not declined due to increasing
ammonia gas (NH3) emissions and ammonium (NH4") deposition inputs (Lloret and Valiela,
2016; Li et al., 2016; Fenn et al., 2018; Zhang et al., 2018). Fossil fuel combustion sources
(namely cars) dominate the NOx budget. Catalytic converter technology on newer vehicles have
enabled major reductions in NOy emissions to take place (Li et al., 2016). However, an
unexpected slowdown in NOy emissions in the past decade may reflect an increasing contribution
from industrial, small-scale industrial “area”, and off-road mobile sources with a simultancous
decreasing contribution from on-road gasoline vehicles and decreases in diesel NOy that have
been slower than expected (Jiang et al., 2018). The NH3/NH4" budget largely originates from
agricultural fertilizers and livestock waste (predicted to be >80% of NH3 emissions in the U.S.;
Reis et al., 2009). A recent study determined that NH3 emissions have been increasing by
~2.61% per year from 2002-2016 over the Midwestern U.S. (agricultural hotspot) and found high
emission events to be associated with increasing soil temperatures and reduced precipitation,
which are predicted to continue in the future (Warner et al., 2017). Additionally, major urban
regions where vehicle fleets are centralized contribute larger sources of NH3 than previously
suggested by National Emission Inventories (NEI) (Fenn et al., 2018). Ironically, this urban
vehicle NH; source results from inefficient vehicular catalytic conversion of NOx (Fenn et al.,
2018). These findings suggest that NH3 is prominent in both agrarian and urban environments.
Consequently, deposition of inorganic nitrogen in the United States has largely transitioned from

a NOs-dominated to an NH4*-dominated depositional landscape, though this varies across
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different regional and spatial scales (Du et a., 2014; Li et al., 2016; Zhang et al., 2018; NADP,
2019).

Nitrogen (N) is an important macronutrient in natural environments that is essential for
primary production or the synthesis of biomass. However, most terrestrial and aquatic systems
are sensitive to external N inputs, resulting in a variety of ecological impacts (e.g., soil
acidification, biodiversity losses, and eutrophication of surface waters) from N loading via
atmospheric deposition processes. This has led to the development of critical loads in federally
protected areas like national parks, where notable changes have taken place in sensitive systems
such as alpine lakes (e.g., Rocky Mountain National Park, ROMO — Williams and Tonnesson,
2000; Baron et al., 2011). A critical load describes the deposition level of an air pollutant where
ecological impacts remain undiscernible in sensitive ecosystems and has been set to 1.0 to 3.0
kilograms of N per hectare for western lakes (Burns et al., 2008; Baron et al., 2011). Critical
loads are based on wet deposition data (NO3~ and NH4"), but considerable effort has been made
to identify and refine the complete reactive N budget (e.g., dry deposition of NH3) in ROMO
with the objective of understanding sources supplying N to federally protected mountain
landscapes and driving wet deposition patterns (Beem et al., 2010; Benedict et al, 2013a-b;
Benedict et al., 2018; Gebhart et al., 2011; Gebhart et al., 2014; Thompson et al., 2015).

A series of campaigns have been conducted over variable time scales to refine reactive N
budget uncertainties and prominent deposition pathways including: the Rocky Mountain
Airborne Nitrogen and Sulfur campaign (RoMANS 1, two 5-week campaigns in spring and
summer of 2006), ROMANS II (November 2008-2009), and a 4-month study (July 7 — October
15, 2014) in coordination the Front Range Air Pollution and Photochemistry Experiment

(FRAPPE) (Malm et al., 2009; Beem et al., 2010; Benedict et al., 2013a-b, Benedict et al., 2018).
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Collectively, measurements made during these campaigns have included wet deposition (NH4",
NOj, organic N), dry gas phase (NH3, HNO3, NO», NO), particulates (NO3™ and NH4"), and
more recently specific organic N species (e.g., PAN, alkyl nitrates) (Malm et al., 2009; Beem et
al., 2010; Benedict et al., 2013a-b, Benedict et al., 2018). These campaigns concluded that wet
inorganic N is the dominant deposition pathway for the total reactive N budget (54%) with NH4"
deposition being higher than NO3™ followed by 37% as wet organic N and dry NH3 deposition
based on the ROMANS II year-long study (Beem et al., 2010; Benedict et al., 2013a-b). More
recent constraints on the reactive N budget in ROMO confirm two key points. First, the role of
wet inorganic N deposition continues to be the dominant contributor to the reactive N budget
(making up 85% of total budget based on FRAPPE measurements), with wet deposition of NH4"
making up the majority of wet inputs (49%) followed by NO3™ (34%), and organic N (2% = 1.6%
(PAN), 0.06% (alkyl nitrates)) (Benedict et al., 2018); and second, dry deposition comprises 15%
of the total budget and is dominated by NH3 gas (57%); Benedict et al., 2018). Constraining the
total reactive N budget is important because dry and wet deposition components contribute
external sources of N to ecosystems, and the role of dry NH3; and wet NH4" deposition pathways
continue to be prominent in federally protected environments.

Efforts are in place to protect alpine environments using empirical critical loads, but
federal emission regulations do not necessarily adhere to these suggested deposition thresholds
because not all precursory trace gas emissions are regulated (e.g., NH3). With decreases in
national NOs™ deposition trends, there has been an expectation that surface water NO3"
concentrations in pristine alpine environments should also be in decline. However, this is not the
case and elevated concentrations of NO3™ persist in alpine watershed surface waters in ROMO

(e.g., Loch Vale). It has been suggested that these concentrations are connected to changes in
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hydrology, glacial thaw and/or increasing NH4" deposition (Baron et al., 2009; Barnes et al.,
2014); the latter could fuel microbial conversion (i.e., nitrification) of atmospheric NH4" to form
NOs. If surface water concentrations still reflect high concentrations under revised federal
emission standards, how can surface water concentrations be improved/reduced? To refine our
understanding of what drives concentration/deposition trends in these high elevation
environments, we take a regional approach to look at this in more detail.

Atmospheric N is determined by: emissions, chemistry, atmospheric transport, and
deposition. In mountain ecosystems, the elevational terrain introduces complex gradients for air
parcels to be lofted and gas-phase and particulates to be washed out or dry-deposited. In ROMO,
it has been observed that large supplies of N are transported to high elevation areas via easterly
upslope flow events during spring, summer and even fall precipitation events (Beem et al., 2010;
Benedict et al., 2013a-b; Gebhart et al., 2011). These upslope events occur when low pressure
centers push moist air across the eastern plains and urban areas into the mountains causing
orographic uplift and precipitation with gains in elevation (Wetherbee et al., 2019). While
predominant wind directions are from the west, it has been suggested that up to 50% of yearly
wet N deposition occurs during easterly upslope events (specifically in April and July) from
localized emission sources (e.g., NH3) (Beem et al., 2010, Benedict et al., 2013; Gebhart et al.,
2011).

It remains to be seen whether trends in atmospheric inputs of annual and seasonal
changes in DIN concentration in these high elevation areas are driven by shifts in emission
sources alone or changes in transport over long temporal periods. If there is no change in
transport, then concentration/deposition trends are presumably related to emissions, chemistry,

deposition or some combination of these. On the other hand, if there is a change in transport,
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then emission sources are likely not the sole driver of changes in reactive N being delivered to
these remote environments. To our knowledge, long-term trends in transport have not been
thoroughly investigated to address this question. We investigate this by looking at long-term
trends in transport at one alpine site as a case-study in the Colorado Front Range. First, we focus
on understanding long-term trends in inorganic NO3~ and NH4" deposition across alpine sites of
the Western U.S. to address whether regional trends in DIN correspond with national-scale
trends observed. Then, we present trends in atmospheric transport and corresponding trends in
concentration at annual and seasonal scales in an attempt to tease apart the importance of

transport changes relative to these long-term deposition trends.

2. Methods and Data Analysis
2.1 National Atmospheric Deposition Program Time Series

Since 1978 the National Atmospheric Deposition Program (NADP) has been monitoring
precipitation amount and chemistry across the United States and currently consists of 263
stations. Wet precipitation samples are collected using standardized 3.5-gallon buckets paired
with a precipitation sensor to trigger the beginning and ending of sampling. Precipitation is
collected weekly, measured for volume and analyzed for a suite of chemical compounds (e.g.,
NOs", NHys*, SO4>, Ca?*, Mg?*, CI', Na*, K*, pH) at the Wisconsin State Laboratory of Hygiene,
University of Wisconsin (nadp.slh.wisc.edu). Data are presented as measures of concentration
and deposition, where concentration represents mass of solute per unit volume of water (e.g.,
mg/L) and deposition reflects mass of pollutants per unit area per unit time (e.g., kilograms
N/ha/yr) (nadp.slh.wisc.edu). Concentrations are presented here as milligrams per liter of water

(mg/L). Annual and seasonal averages for each measure are volume-weighted and available
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publicly (nadp.slh.wisc.edu). Seasonal data are defined as: winter (DJF), spring (MAM), summer
(JJA) and fall (SON).

To understand trends in atmospheric inputs, linear regression via R version 3.3.3. was
used to assess whether annual inorganic N deposition and concentration trends during two time
periods were significant at all 54 NADP/NTN sites from the western United States with
collection records extending from 1990 through 2018. Data were analyzed in two separate time
periods, 1990-2000 and 2001-2018 to distinguish any significant trends in the average annual
NOs™ and NH4" deposition or concentration across all 54 sites before and after the year 2000.
Trends in mean annual concentration and deposition for NO3™ and NH4" were assessed by site
using the slope from each regression analysis to delineate the trend and whether it was
statistically significant (defined as a p- value < 0.05). This analysis was also performed for alpine
sites only, where alpine sites were defined by as an elevation above 2500 meters (based on
Williams and Tonnessen, 2000). Twelve sites from Wyoming and Colorado met the alpine
criterion. Linear regression was also used to assess NADP annual and seasonally averaged

concentration data at a selected alpine site in Colorado (CO-02, Niwot Saddle). All data were

accessed from the publicly available NADP database (http://nadp.slh.wisc.edu/data/sites/list/

Mmet=NTN).

2.2 HYSPLIT Airmass back-trajectory and clustering analysis

To determine the role of long-term trends in airmass transport in inorganic N delivery to
an alpine NADP site within the Colorado Front Range, airmass back-trajectories were modeled
from 1997 to 2016 at Niwot Saddle (40°03°16.9” N, 105°35°20.8” W, elevation: 3520 meters)
using NOAA’s Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) Model

(Draxler and Hess, 1998; Stein et al., 2015). Back-trajectories were calculated using NOAA’s
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National Centers for Environmental Prediction (NCEP) Eta Data Assimilation System (EDAS)
gridded meteorological data, which is provided by NOAA’s Air Resources Laboratory (NOAA-
ARL). The EDAS meteorology data used for this analysis extends back to 1997 (Black, 1994).
However, we note a change in the resolution of the grid size during this time period, where data
between 1997-2003 had a resolution of 40 km compared to 80 km for 2004-2016 (Black, 1994;
Stein, 2015). Because this change in resolution results in different average elevations, starting
heights above ground level (AGL) of 1000 and 1500 meters were used for the 40 km and 80 km
datasets, respectively. Each dataset assumes the respective ground level is 500 and 1000 meters
below the actual level, therefore to accurately model the elevation of the receptor site (~3500
meters), these selected starting heights (1000 and 1500 meters) reflect a real starting height of
500 meters AGL for both grid sizes. Back-trajectories were calculated every 6 hours (i.e., 0, 6,
12, and 18 UTC) for a total of 4 trajectories per day for 4 days (96 hours) over the entire 20-year
period (1997-2016). This length of time for each back-trajectory (96 hours) was selected to
account for/capture the atmospheric lifetimes of NH4" (1/2 day to 3.2 days, Asman et al., 1998)
and NOs (1 to several days, Levy et al., 1999). Three to four-day back trajectories adequately
represent regional-scale transport within acceptable limits of uncertainty for the spatial resolution
of the gridded meteorology dataset, in which uncertainty in computed back-trajectories increases
with distance from the starting location beyond 72 hours (Kahl and Samson, 1986; Gratz et al.,
2013)

Using the generated back-trajectories, a statistical clustering analysis was completed
using five 4-year time periods from this dataset including: 1997-2000, 2001-2004, 2005-2008,
2009-2012, and 2013-2016 via HY SPLIT’s Clustering Algorithm. These temporal groups were

created to ensure that a systematic method of clustering occurred, such that more meaningful
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long-term trends would be apparent from multi-year clustering compared to clustering single
years of back-trajectory data. In addition, HYSPLIT could more efficiently complete the
computational analysis with this large amount of data (~29,000 back trajectory files) if it was
divided up into smaller classified groups. Clusters were determined based on 72-hour clustering
of airmass groups that maximized the total spatial variance (TSV) using each back-trajectory and
was completed for each 4-year period where the differences between trajectories within clusters
are minimized and the distance between clusters are maximized (Stunder, 1996; Borge et al.,
2007). Provided this temporal setting, files below a particular size/shorter than 72 hours were
removed prior to the clustering analysis. Airmass clustering trends were then compared between
each 4-year period over the longer 20-year data set, as well as within runs, to assess differences
or similarities in the quantity of airmasses that followed a particular pathway. To assess the
relative importance of transport pathways over time, the total proportional contribution of each
pathway (TPPC) was calculated by dividing the total trajectory number assigned to a specified
pathway by the total number of trajectories clustered during each 4-year period clustered (Eqn
1). The annual proportional contribution (APPC) within a given pathway was also determined
per 4-year period using Equation 2. Trajectories that fell into the Oth cluster were not included in
these calculations (i.e., total trajectories = total trajectories assigned to a non-0 cluster).
Equations 1 and 2 were used for each 4-year (annual, seasonal) and all 20-year (monthly)
clustering groups:
(1) TPPC (%) = trajectories pathway!' 4-yr-group'/total trajectories 4-yr-group-!
(2) APPC (%) = trajectories yr''pathway ! 4-yr-group '/total trajectories 4-yr-group’!
The same clustering analysis was conducted at a seasonal scale, where trajectories were

assigned to the same 4-yr periods according to 3-month seasonal groups where winter = DJF,
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spring = MAM, summer = JJA, and fall = SON. Equation 1 was also used to calculate the
seasonal contribution of specific pathways by 4-year clustering groups (includes 3 months of
trajectories per year), and is referred to as the Seasonal Proportional Pathway Contribution
(SPPC). These results were used to compare with and assess whether seasonal changes in
concentration data correspond with trends in transport based on the clustering analysis. Seasonal
concentration data was qualitatively compared in the same synchronous 4-yr periods for easy
comparison with the transport results. While concentration trends may differ among alpine sites
(similar in elevation, but far apart), transport trends are not anticipated to differ greatly, therefore
we use CO-02 as a representative case study for the region. Lastly, clustering analyses containing
the entire 20-yr period of trajectories for a few individual months during spring and summer
(e.g., April, May, July) were conducted in an attempt to capture easterly upslope transport events
in this analysis that are highlighted in previous work in the region (Beem et al., 2010; Benedict et
al., 2013, etc). Equations 1 and 2 were used to calculate proportional changes in monthly

transport (April and July) using all 20 years of trajectory data in a single clustering analysis.

3. Results
3.1 NADP trends at alpine sites of the Western US over time

Across the 54 western sites, trends in NO3™ and NH4" deposition and concentration were
not the same everywhere, especially prior to 2000 when a smaller percentage of sites showed
significant trends (Table 1). This contrasts with observations post-2000 where 56 and 66% of the
sites revealed significant declines in NO;™ (deposition and concentration, respectively) and
increases in NH4" (66 and 38% of sites resembling this trend, respectively) (Table 1).

Trends in NO3™ deposition at alpine sites were not uniform compared to observed western

trends before 2000 (Table 1) or national trends portrayed in NADP deposition maps (NADP,
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2019). While most sites showed an increasing trend, only 27% of the high alpine sites showed a
significant increase in NO3™ deposition before 2000, while 92% showed a significant decrease
after 2000, which is consistent with regional observations (Table 1). No specific trend or
statistically significant relationship was observed in NH4" deposition across alpine sites before
2000 (Table 1). In contrast, more than half of the alpine sites (83%) showed a significant
increase in NH4" deposition between 2001-2018 (Table 1). Between 1990-2000, only a small
proportion (17%) of alpine sites showed significant increases in NO3~ concentration while all
sites significantly decreased (100%) from 2001 onward (Table 1, Figure 1). In contrast, a small
proportion of alpine sites experienced a significant decrease (17%) and increase (25%) in NH4"
concentration before and after 2000, respectively (Table 1, Figure 1). See Table 1 for complete

regression analysis results.

1990-2000 2001-2018
Incr. (% sig) Decr. (% sig) Incr. (% sig) Decr. (% sig)
West  NOs Dep  48% (12%) 52% (0%) 24% (8%) 76% (56%)
n=54 NH4 Dep 32% (18%) 69% (5%) 87% (66%) 13% (29%)
NOs Con  50% (22%) 50% (22%) 0% (0%) 100% (67%)
NH4"Con  33% (11%) 67% (28%) 83% (38%) 17% (11%)
Alpine NOs3 Dep 92% (27%) 8.3% (0%) 0% (0%) 100% (92%)
n=12 NH4 Dep 58% (0%) 42% (0%) 83% (70%) 17% (50%)
NO; Con  75% (17%) 25% (0%) 0% (0%) 100% (100%)
NH4"Con  33% (0%) 67% (17%) 92% (25%) 8.3% (0%)

Table 1: NADP NOs and NH4" deposition and concentration trends between 1990-2000 and
2001-2018. Trends are identified by the percentage of alpine or western sites that show an

increasing or decreasing trend in deposition/concentration, followed by the percentage of sites
that show a significant positive or negative trend (where significance is defined as p <0.05). The
trends that are significant are in bold.
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NO3 Concentration Trends: 2001-2018
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Figure 1: NADP annual concentration trends for NO3~ and NH4" across 12 high alpine network
stations between 1990-2000 and 2001-2018 in the western United States. High alpine is defined
as a station located above 2500 meters in elevation. Symbols reflect a significant (diamond) or
insignificant (circles) trend. Statistical significance is defined as having a p-value < 0.05. Slope
trends are represented by the color scale, where positive and negative trends are reflected by red

and blue, respectively.

While trends across alpine sites were not all uniform, mean annual and seasonal
concentration trends for NO3;~ and NH4" at one alpine site, Niwot Saddle, generally demonstrated
the same trend as observed nationally (i.e., declining NOj3", increasing/ unchanging NH4").
Average annual concentrations at Niwot Saddle showed a significant decreasing trend for NOs3"
(R? =0.1494, p-value = 0) and a gradually increasing, but insignificant trend for NH4* (R? =
0.0114, p-value >0.3; Figure 2). Seasonal mean concentrations for NOs™ at this location revealed
declining trends in all seasons, but the highest observed concentrations occurred in spring and
summer, which were also the most variable compared to fall and winter (Figure 3a). In contrast,

seasonal mean NH4" concentrations show gradually increasing/unchanging trends over the same
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time interval (1997-2016) across all seasons (Figure 3b). Similarly, the highest variability in
mean concentrations was observed in spring and summer and the lowest variability was in fall

followed by winter (Figure 3b).

Annual Mean Concentrations
(CO-02 Niwot Saddle: 1997-2016)

1.5

(@)

) © NO3-

© 00
= O
@09 ®
%00

1.0

o)
00
OOO

0.5

NH,* . ® o
00,2000 ¢® -0505° ®0®

I I I I
2000 2005 2010 2015

Year

Mean-Precip-Weighted
Annual Concentrations (mg/L)

Figure 2: Mean annual volume-weighted concentration for nitrate and ammonium (mg/L). NH4"
concentration (R? = 0.0114, p-value >0.3); NOs" (R? = 0.1494, p-value = 0).
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Figure 3: Seasonal trends in (a) nitrate and (b) ammonium concentration (mg/L) from 1997-
2016, where seasons are color-coded (fall = red, spring = orange, summer= blue, and winter =
pink). Gray envelope for each linear model is 95% confidence interval.
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3.2 HYSPLIT Back-Trajectory and Clustering Analysis

Under the 72-hour analysis, all five 4-yr periods: 1997-2000, 2001-2004, 2005-2008,
2009-2012, and 2013-2016 showed similarities in westerly transport trends. There were 3
transport pathways over the course of the analytical period: 1) a dominant transport pathway that
originated from the Pacific Northwest/Pacific Ocean, 2) another that originated from the
southwestern United States, specifically Arizona and 3) a more regional short-range pathway,
specifically Utah and western Colorado (Figures 4, S1). These pathways are referred to as PNW,
SW and Local throughout the rest of the text. The proportional contribution (APPC) to annual
transport trends revealed that the contribution of transport from this regional, short-range
pathway has increased in importance over time by ~10% (R?= 0.733, p=1.486¢-06) relative to
the PNW and SW pathways which have significantly decreased over time by ~5% (R?= 0.5073,
0.4215 and p-values = 0 for PNW and SW, respectively; Figure 5). A dramatic uptick in the
contribution (TPPC) of this Local pathway occurred around 2005, such that it comprised more
than 50% of the transport arriving at this high elevation site from 2005 to 2016 and was

consistent with a decrease in the PNW and SW pathways (Figure 4, S1, Table 2).

Years Clustered | Local (% of transport) | PNW (% of transport) | SW (% of transport)
1997-2000 25 36 39
2001-2004 31 40 29
2005-2008 56 21 23
2009-2012 53 15 31
2013-2016 58 21 21

Table 2: Percentage of trajectories that compose primary transport pathways at annual, 4-year
clustering time scales (TPPC calculations).
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Figure 4: Example of annual and seasonal breakdown for transport clustering results in 2009-
2012. Transport pathways (TP) resulting from the clustering analysis are identified in each map
showing that at annual scales, there are 3 consistent pathways, but at a seasonal scale transport
becomes more variable. Note that the color of the pathways is arbitrarily assigned by HYSPLIT
and not indicative of consistent pathway identification between temporal analyses. See
supplemental Figure S1 for transport maps for all 20 years.
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Figure 5: Annual (APPC) trends in atmospheric transport based on back-trajectory clustering
analysis at Niwot Saddle (NADP Site CO-02). Local transport shows a significant increasing
trend, while PNW and SW transport relationships show significant decreasing trends (p=0).
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On seasonal time scales, the clustering analysis resulted in more variable transport during
spring and summer seasons (3 — 8 pathways), while two pathways were observed consistently for
winter and fall (Table 3). This was evident for all 4-yr clustering periods except 2009-2012,
when more variable transport was observed across all seasons (Table 3). Surprisingly, easterly
transport defining upslope events does not stand out as a major feature in the transport analysis
on annual or seasonal time-scales. To investigate this further and verify that the changes seen
over the 4-year periods was not somehow coincidental, two months (April and July) were
clustered in two discrete time periods (1997-2007 and 2008-2016) to assess whether the same
variability in transport was captured that was observed starting in 2009-2012 (Table 3). Results
reflected 3 transport pathways in April and July before 2007 and 4 and 5 pathways for April and
July, respectively after 2008 (data not shown). Further exploration of this seasonal variability at
monthly time scales (e.g., April, May and July) demonstrated that more variable transport
occurred in April than in May or July where transport pathways reaching the receptor site were 6
(April) and 3 (May and July), over the entire 20-yr period (Figure 6, May not shown). This
exercise demonstrated that easterly transport was detectable at monthly resolutions over this time
period in April and July from a northeastern (South Dakota) and southeastern (within Colorado)
origin (Figure 6). In contrast, easterly transport was not detected in May (not shown). Of the 6
transport pathways observed in April during this period, transport from the SW (i.e., Arizona)
comprised the largest proportion (33%) relative to other westerly pathways (California (8%),
North-Canada (10%), Pacific/Northwest (17%), Northeast (South Dakota, 12%) and Local
(20%)) (Figure 6a). Transport from the SW comprised the largest proportion of transport relative
to the Local and PNW pathways, which demonstrated the greatest change (i.e., significant

increase over time) and the next two largest contributions to the transport composition at Niwot
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Saddle (20% and 17% of April composition, respectively (Figures 6a, 7)). Similarly, transport

from the SW comprised the largest proportion in July (38%) followed by the PNW (32%) and

Southeast Colorado (30%) (Figure 6b). Of these three main transport pathways, the annual

proportional contribution (APPC) of transport from Southeast Colorado significantly increased

over the 20-year period by ~5% (p=0.02, Figure 7).

Years Clustered | Winter | Spring | Summer Fall
1997-2000 2 5 3 2
2001-2004 2 4 3 2
2005-2008 2 2 5 2
2009-2012 4 3 8 3
2013-2016 2 5 4 2

Table 3: Seasonal back-trajectory clustering results from 1997-2016.
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Figure 7: Annual proportional change (APPC) in April and July transport from 1997-2016 for
pathways that show significant trends. Of the six transport pathways in April transport, only
Pacific-Northwest (PNW) and Short Range (Local) transport show significant trends over time
(p-value<0.05). Of the three pathways in July, only short-range transport from Southeast
Colorado (Local-S) shows a significant trend (p=0.02). All other transport relationships are
insignificant, thus not shown.
4. Discussion

The observed change in long-term inorganic N deposition trends has largely been
attributed to air quality regulations (NOx only) and source changes (Li et al., 2016; Fenn et al.,
2018), but the role of transport has not been examined as extensively for long-term records of
deposition chemistry. In this study, we first examine whether concentration trends at high

elevation NADP sites match national trends over a 30-year period, then evaluate whether annual

and seasonal concentration trends and transport pathways over a 20-year period provide insight
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regarding the role of long-term shifts in transport and the observed concentration changes using

one high elevation site in Colorado as a case study.

4.1 Long-term NADP Trends

Over the past 30 years, trends in NO3™ and NH4" concentration at alpine sites more
closely reflect national observations, but this does not appear to be the case across the entire
western region (Figure 1; Table 1). For example, NH4" has remained constant/unchanged over
time in some locations further west than Colorado, while a general increasing trend occurs at
sites along the continental divide — many of which show significant trends (not shown). While
we do not delve into this further, it is interesting that trends across this region are not more
uniformly consistent with national trends while the opposite appears true for high elevation sites

in Wyoming and Colorado (i.e., alpine, Figure 1).

4.2 Local westerly transport has increased in importance over time

Since most alpine sites follow national observations, we delve into the annual and
seasonal trends in inorganic N concentrations and transport from 1997-2016 to determine
whether transport changes align with concentration trends at Niwot Saddle. Annual NO3"
concentrations have significantly declined, while NH4" has gradually increased/remained
constant from 1997-2016 at Niwot Saddle (Figure 2) — this trend is consistent with inorganic N
observations at another nearby alpine site in ROMO, though the authors suggest that annual and
seasonal deposition may be biased estimates due to precipitation amount dependencies on
deposition calculations and missing data (Schichtel et al., 2019). These patterns also align with a
significant increase in short-range, localized westerly transport (Local) and declines in transport

from the Pacific/Pacific Northwest (PNW) and the Southwest (SW) (Table 2; Figures 5, S1),
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which make up 47%, 25% and 28% of the transport composition over the 20-yr period.
Unsurprisingly, the predominant westerly wind direction dictates the majority of transport being

delivered and distributed to this receptor site at annual scales.

4.3 Seasonal differences in transport and wet inorganic nitrogen concentrations

Patterns in inorganic N concentrations can be related to timing of specific activities
responsible for emissions, especially NH3 (e.g., agricultural fertilizer application, influence of
warming temperatures on volatilization) and are important to consider when assessing
concentration and transport trends over this analytical period. In an attempt to capture transport
changes that might correspond with seasonal differences in concentration, we fine-tune our
analysis to isolate seasons and assess whether distinct trends in seasonal transport, including
easterly flow, occurred over this time frame.

More variable transport occurs during spring and summer seasons, which aligns with
when concentrations of both NO3 and NH4" tend to be highest and exhibit the most variability
(Table 3, Figures 3-4, 6-7). Specific months within these seasons exhibit more (April) and less
(May, July) variable transport over the entire 20-year period (Figure 6). Though merely
qualitative, there are some similar features observed in the concentration and transport time
series. For example, spring NO3;™ and NH4" concentrations peak in 2007 and 2013 followed by a
descent (2014-2016), which are comparable to higher contributions from the PNW pathway
during those years in April (Figures 3, 7). In contrast, the proportional contribution of the Local
pathway appears to be less important during these periods for April (Figure 6). Similarly, high
summer NO3™ and NH4" concentrations in 2002, 2007, and 2012 correspond with peaks in July
transport from southeast Colorado (Local-S; Figure 3,7). Easterly transport is detectable at

monthly scales in April (originating from South Dakota) and July (originating from southeastern
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Colorado) (Figure 6) corroborating previous observations (Beem et al., 2010; Benedict et al.,
2013). However, in both cases these easterly flow-paths comprise some of/the smallest
proportional contribution (TPPC) in transport to this site over the 20-year time period (April:
12% and July: 30%, Figure 6). Otherwise easterly transport events were not detected at seasonal
scales (Figures 4, S1). This is likely a function of the resolution of the meteorology dataset used
and the time-scale of analysis tested (3-months in a season), as the clustered modes of transport
in seasonal analyses must not maximize the total spatial variance to yield easterly flow as a
significant cluster. Perhaps the proportional contribution to transport would yield different results
using a higher resolution meteorology dataset. Interestingly, previous work using back-
trajectory analysis for reactive N source apportionment in the region found that EDAS is less
sensitive/effective at capturing the diurnal circulation patterns in this complex terrain compared
to MMS5 as a function of slower wind speeds (e.g., easterly upslope events; Gebhart et al., 2011).
Overall the observed trends in seasonal westerly transport align with previous back-trajectory
and chemical tracer results in the region (Gebhart et al., 2011; Gebhart et al., 2014; Benedict et
al., 2018) and we are able to capture some easterly flow in specific spring and summer months,
but the fact that we observe a long-term shift in local transport from the west is interesting and

worth noting.

5. Conclusions

Results from this study suggest that changes in atmospheric transport over time are apparent and
likely contribute to some of the differences in the observed DIN concentration trends. Potential
sources that could explain the seasonality or that are encountered along major transport pathways
observed in this study are discussed below.

The dominant role of dry NH3 and wet NH4" compared to other deposition pathways
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previously observed in ROMO speaks to the consequential impact of unregulated NH3 emissions
(Beem et al., 2010; Benedict et al., 2013a-b; Benedict et al., 2018) presumably from agricultural
activities and urban vehicles (Fenn et al., 2018; Li et al, 2016). If vehicles are an important
source of NH3, you might expect the concentration signal to be somewhat constant in seasons
(fall/winter) without large changes in temperature (summer) or applications of NH3-rich
fertilizers (spring). In fact, we observe steady wintertime NH4" concentrations over time, which
consistently reflect the lowest seasonal concentrations (Figure 3b). This may yield preliminary
evidence that wintertime NH4" concentrations correspond to vehicle emissions relative to other
seasons. However, vehicles as an NH3 source cannot be determined from concentration alone. If
the NH3:NOx ratio is not 1:1 during catalytic conversion of NOy, then the reduction process is
inefficient resulting in under-reduction leading to NOx emissions or an over-reduction leading to
NHj3 slip (Fenn et al., 2018). Isotopic work using 8'’N-NOy and 6'°N-NHj indicates that vehicle
fleet composition is important based on differences between urban fleet emissions that use three-
way catalytic conversion relative to diesel trucks which use selective catalytic reduction (Miller
et al., 2017, Walters et al., in review). There is great potential for the seasonal role of source
changes in this region to be resolved with further developments of §'°N isotopic source
constraints on NH3 and NOx to constrain source contributions, as well as, the role of chemistry
and resulting impact on deposition patterns.

The role of regional/local short-range transport has become more important over time,
which also aligns with shifts in dissolved inorganic N (DIN) composition (decrease in NO3",
increase in NH4") and when variable transport during spring and summer is observed (e.g.,
higher and more variable NH4" in summer). While prior work demonstrates that important

contributions of reduced N are primarily sourced from in-state/easterly sources (Beem et al.,
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2010, Benedict et al., 2013), estimates using Transport Mass Balance models (TrMB) and hybrid
deterministic-receptor approaches suggest that ~50% of the NH3 emissions are sourced outside of
the state and to the west, while the other 50% comes from within the state though source
apportionment remains difficult (Malm et al., 2013; Gebhart et al., 2014). It is extremely
challenging to distinguish source contributions using concentration and transport data alone and
really requires more of a chemical tracer/isotopic approach to conduct source apportionment
since sources are variable and transport distance will vary depending on phase (gas vs particle).
It is important to consider contributions from urban NH3 sources and the increasing impact of
wildfires in the western U.S. (Fenn et al., 2018; Bray et al., 2016) to deposition trends along non-
easterly pathways. Also, an unexpected slowdown in NOx due to suspected increasing
contributions from industrial, small-scale industrial “area”, and off-road mobile sources with
simultaneous decreases in gasoline vehicles and slow declines in diesel NOy has also taken place
in areas such as the southwestern U.S. (Jiang et al., 2018). Consequently, incoming sources of
oxidized N may become important since localized westerly transport seems to have increased
over time (observed in this study).

The National Emission Inventory database allows us to qualitatively assess large
emission sources along the primary transport pathways observed in this study. NOy sources from
oil and gas development, as well as, coal-fired power plants are located along the transport
pathway from the SW (Rodriquez et al., 2009; Li et al., 2016). Additionally, the Localized
westerly transport coming from northern Utah (near Great Salt Lake) is close to NOx emitters
including the Salt Lake City Airport, a power plant in Magna, as well as copper and nickel ore
mining operations near Bingham Canyon (NEI, 2017). Large sources of NOx in Oregon and

Washington located within range of the PNW transport pathway include a power plant in
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Centralia (WA), metropolitan airports (Seattle and Portland), petroleum refineries, and mills
associated with the lumber industry (saw, paper and pulp mills) (NEI, 2017). There are likely
urban NHj3 sources (i.e., vehicles) that play an important role along these pathways as well (Fenn
et al., 2018). These results suggest that the increasing significance of localized, short-range
transport of source emissions west of this high elevation site may require additional regulatory
measures of NOx and NH3 emission sources in western Colorado and northern Utah moving
forward.

While this is beyond the scope of this work, recent studies have refined the §'>’N-NOy
source signatures for vehicles, soils and biomass burning using standardized methods (Miller et
al., 2017; Miller et al., 2018; Fibiger and Hastings, 2016; Chai et al., 2019), which are
understood to be conserved from emission as NOx to deposition as NOs™. Insights can also be
gained from oxygen isotopes of NOs™(8'8%0-NOs and A”0O-NOs") in wet deposition regarding
seasonal changes in oxidation chemistry (Michalski et al., 2012 and references therein).
Similarly, new methods for 8'’N-NH3 characterization (Walters and Hastings, 2018), insights
regarding fractionation effects during gas-particle conversion (Walters et al., 2019), and
constraints on the 8'>N-NH; of vehicle fleets (Walters et al., in review) offer exciting
opportunities for improving our understanding of NH3 source and chemistry dynamics.
Collectively, these tools may help completely constrain reactive N budgets in the future and
improve management of natural resources.

As more studies highlight the growing presence of NH3 source emissions and mounting
threats to critical loads in sensitive ecosystems, it is clear that there is more incentive to regulate
emissions of NH3 because the impact of inorganic N deposition (wet and dry) continues to be

problematic. Significant declines in observed wet deposition of NO3™ in regions of the U.S.
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where major emission reductions of NOx have taken place corroborate the fact that federally
mandated emission standards can be successful. While the role of easterly sources of inorganic N
should be monitored, the increasing prevalence of local, westerly transport indicates that
additional regulatory measures of NOx and NH3 emission sources in western Colorado and
northern Utah may be required moving forward if sensitive ecosystems, such as high elevation

mountain watersheds, are to be effectively monitored and protected.
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8. Supplement to: The changing nitrogen deposition landscape in the western U.S.: what
role does transport play?
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Abstract

Nitrate concentrations in high elevation lakes of the Colorado Front Range remain
elevated despite declining trends in atmospherically deposited nitrate since 2000. The current
source of this elevated nitrate in surface waters remains elusive and is complicated by additional
nitrogen sources including atmospheric ammonium deposition and glacial inputs. We asked: is
atmospheric deposition still fueling high lake nitrate concentrations? We present the complete
isotopic composition of nitrate (§'°N, 8'80 and A'’0) in a suite of sample types collected during
the summers of 2017-2018 from two alpine ecosystems in an attempt to constrain the provenance
of elevated nitrate in surface waters over the course of the summer thaw season. Results indicate
that alpine lakes are sustained by a consistent contribution from uncycled atmospheric nitrate
throughout the summer season (11-20%), however the dominant supply is microbially produced
(as high as 89% in late summer, possibly from nitrification of ammonium) across space and time.
The role of microbially produced nitrate has become increasingly important over time in
historical surface waters from the mid-90s to present — a trend that is coincident with increasing

ammonium deposition to these systems.

1. Introduction

With a short growing season and poorly developed soils, alpine ecosystems are
particularly vulnerable to environmental change. The role and impact of atmospheric nitrogen
(N) deposition, one driver of environmental change, has been a focus of work at long-term
research sites in the Colorado Rockies for decades (Baron and Campbell, 1997; Williams and
Tonnessen, 2000; Burns, 2004). The resulting elevated N in Rocky Mountain alpine ecosystems

has acidified soils and waters, altered C:N:P stoichiometry, and changed biodiversity and

139



primary productivity (Elser et al., 2009; Preston et al., 2016; Boot et al., 2016; Spaulding et al.,
2015; Wolfe et al., 2001, 2003; Oleksy et al., in review). Landscape characteristics such as
poorly developed soils, minimal vegetative cover, talus slopes, and bedrock allow for rapid
infiltration of precipitation and low retention of N such that high nitrate concentrations are found
in surface waters (Burns, 2004 and references within).

A significant portion of reactive N enters the environment through the emission of
nitrogen oxides (NOx = NO + NO,) and ammonia (NH3), which can be atmospherically
transformed, transported and deposited as nitrate (NO3") and ammonium (NH4"), respectively
(e.g., Fowler et al., 2013). National trends reflect declines in NOs~ deposition, while NH4"
concentrations are increasing in several regions of the country (e.g. the Midwest) (NADP, 2019;
Li et al., 2016; Lloret and Valiela, 2016). While NOs™ deposition in Rocky Mountain National
Park (NADP site: CO98) has declined since 1995 (Schichtel et al., 2019) and in Niwot Ridge
(NADP site: CO90), surface water concentrations remain elevated in alpine watersheds; stream
NOs™ export has actually increased in both Loch Vale (28%, 2000-2006) and Green Lakes Valley
(40%, 2000-2009) (Baron et al., 2009; Mast et al., 2014; Barnes et al., 2014). A simultaneous
increase in NH4" deposition at these sites is also evident over the same time period compensating
for the decline in NOs™ and resulting in a negligible change in total inorganic N deposition (e.g.,
Schichtel et al., 2019). In fact, wet deposition of NH4" and dry deposition of NH3 dominate the
total reactive N budget for wet and dry inputs (Benedict et al., 2013; Benedict et al., 2018),
indicating atmospheric N inputs are still a problem.

Changes in the quality/form of atmospheric N deposition inputs in addition to climatic
influences on a changing cryosphere and hydrology, likely act as important drivers of observed

increases in surface water nitrate concentrations and fluxes. Increases in glacial and permafrost
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thaw result in additional groundwater storage and late season source water supply appear to
amplify during drought conditions that are associated with warming air and ground temperatures
(Hill et al., 2008). Rock glaciers and permafrost are estimated to comprise as little as 16% and as
much as 89% of catchment areas, and water storage estimates exceed volumes stored in snow
glaciers in two proximal alpine watersheds in the Colorado Front Range (Clow et a 1., 2003; Hill
et al., 2008). Consequently, increases in cryospherically-derived glacial reserves and/or thawing
ice-rich permafrost soils have been hypothesized to contribute to elevated N concentrations in
alpine watersheds via direct release of atmospheric NOs, nitrification of released atmospheric
NHa4" or remineralization of organic matter in thawing soils followed by nitrification (Saros et al.,
2010; Baron et al., 2009; Barnes et al., 2014). Indeed, lakes fed by seasonal precipitation and
glacial melt receive more NOj3™ than purely snow-fed lakes in the northern and central Rockies
(Saros et al., 2010). Similarly, NOs™ and NH4" in snow glacier and rock glacier meltwater are
distinctly higher in the Colorado Front Range than in the Cascades and Sierra Nevada containing
similar glacial features (Fegel et al., 2016; Williams et al., 2016), which may reflect historically
higher atmospheric N deposition in the Rocky Mountains compared to other mountain ranges
(Fegel et al., 2016). As seasonal regime shifts in source-water occurs, there is a greater
contribution from glacial thaw and an increasing trend in rock glacier NO3™ concentrations as
summer transitions to fall (Williams et al., 2006, 2007; Hafich, 2014; Baron et al., 2009; Heath
and Baron, 2014; Barnes et al., 2014); these trends in late season flow and NO3™ amplify during
drought conditions (Williams et al., 2006; Hill et al., 2008). Evidence of nitrification activity in
CO alpine soils include characterization of high soil NH4" and nitrification rates within moist
glacial outwash, talus and meadow soil types (Osborne et al., 2016), as well as, measurable and

high N>O emissions during N-fertilization alpine meadow experiments (Neff et al., 1994). While
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glacial features have been shown to contribute to surface water NO3™ concentrations, the role of
legacy atmospheric N, present day depositional inputs, and biological processes (e.g., microbial)
have not been well quantified. Therefore, it is important to understand the current role of
atmospheric N deposition given the decline in direct atmospheric NO3™ deposition (and increase
in NH4"), and potential changes in the cryosphere that likely stimulate biological processes in
these environments.

Stable isotopes of N and O in NO3™ (8" Nno3, 8'80no3, and A"Ono3) present an
opportunity to refine constraints on the provenance of NO3™ in these alpine environments because
they can help identify atmospheric versus microbially-produced NO3™. Compared to other NOs"
sources, atmospheric NOj" is highly enriched in 80, and contains excess '’O quantified as A 'O
=370 - 0.52 x 8'%0 # 0 (Michalski et al., 2003). Typical values for NOs~ deposited in mid to
high latitudes range from 22-34%o for A0 and 25-115%o for '30, while biological NOs™ has a
A0 of 0%o (Michalski et al., 2012 and references therein). Taking advantage of this, we
investigated how atmospheric N deposition has changed over time and whether the input of
atmospheric N directly and/or via thawing was responsible for elevated NO;™ in high alpine lake
surface waters. Nutrient concentrations (i.e., NOs~ and NH4") and stable isotopes of NOs™ (8"°N,
8'%0, and A'’O) were used to characterize the complete isotopic composition of wet deposition
inputs (i.e., snowpack, rain), glacial ice, glacial meltwater, and surface water samples from two

alpine watersheds in the Colorado Front Range.

2. Materials and Methods

2.1 Sampling Sites
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Both the Loch Vale watershed (40.2955, -105.6461) and upper Green Lakes Valley (40.0537, -
105.6269) are alpine watersheds located in the Colorado Front Range east of the continental
divide and west of the Denver-Boulder-Fort Collins corridor. These high elevation watersheds
(3110 — 4009 m and 3515 — 4082 m, respectively) drain areas approximately 660 ha and 225 ha
in size, respectively. Both watersheds are in seasonally snow-fed east- to northeast-facing
granitic valleys and each catchment receives ~60-80% of wet precipitation as snow (Baron et al.,
1992; Caine, 1995a). Catchment lakes (Sky Pond, Andrews Tarn, GL5 and GL4) are surrounded
by steep talus slopes and rock walls. Loch Vale has two alpine sub-basins, Andrews Creek and
Icy Brook. Both have glacial features (Andrews Glacier and Taylor Rock Glacier) that contribute
meltwater to Andrews Tarn and Sky Pond (Baron et al., 1992). The upper basin in Green Lakes
Valley is primarily alpine tundra with the GL5 Rock Glacier and Arikaree Glacier sitting near or
at the head of the valley and two lakes, GLS5 at the headwaters, draining into GL4 (Williams et
al., 2007; Caine, 1995a-b).

Loch Vale is a popular hiking destination for outdoor enthusiasts in Rocky Mountain
National Park. The headwaters of the Green Lakes Valley are located in the upper catchment of
Boulder Creek, which supplies Boulder County with drinking water. Both Loch Vale (CO98,
40.2878, -105.6628 at 3159m) and Green Lakes Valley (C0O90, 40.0367, -105.5440 at 3015m)
have National Atmospheric Deposition Program-National Trends Network (NADP/NTN —

referred to as NADP onward) collection sites to measure precipitation wet chemistry and amount

(NADP, 2019, http://nadp.slh.wisc.edu/). From here on, Loch Vale and Green Lakes Valley will
be referred to as LVWS and GLV, respectively.

2.2 Field Sampling
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Samples were collected in 2017 and 2018 at the beginning (May-June) and end (late
August/early September) of the summer season to try to capture maximum snow accumulation
and baseflow conditions. Discrete sampling of a variety of sample-types took place, including:
atmospheric wet deposition (snowpack and rain), glacial ice, glacial meltwater, and surface
water. Samples were collected longitudinally from glacial features at the highest elevations to
downstream lakes in each watershed. Prior to field work, all sampling equipment (e.g., sample
bottles, syringes, ice samplers, etc.) was pre-cleaned with ultrapure (18.2€)) Milli-Q water.

Atmospheric deposition samples consisted of snow and weekly wet deposition (i.e., rain).
Snow was sampled from ~1 m deep snow-pits (n=11) in both watersheds at multiple locations
each year. Approximately 12 evenly distributed down pit samples were collected per pit.
Precipitation samples from the two NADP sites from April through August in 2017 and 2018
were obtained from the NADP facility at University of [llinois (2017) and University of
Wisconsin (2018). NADP samples were stored frozen until shipment to Brown University for
analysis.

Glacial ice was sampled within the ablation zone (e.g. zone of mass loss) of Andrews
Glacier in LVWS in both years to sample older, legacy atmospheric deposition. Weather
conditions prevented complementary collections from Arikaree Glacier during both campaigns.
Samples were collected opportunistically near the top and base of the ablation zone. Ice was
sectioned in-situ using a pre-cleaned Kovacs corer in 2017 (Kovacs Enterprise, Mark 111, 7.25
cm diameter). In 2017, the ice was wet, mushy, and fell apart as it came out of the auger barrel
making it difficult to section ice precisely according to depth sampled. We used a handsaw,
wooden wedges and a rock to sample blocks of ice using an alternative wedging approach in

2018 with better success sampling whole chunks of ice. The ice was also wet in 2018, but the
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blocks sampled were intact and more easily sub-sampled in the field. All ice samples were
handled using powder free gloves and transported in Ziploc bags in ice-filled coolers to the
EcoCore Laboratory at Colorado State University within 8 hours of collection. Snow and ice
samples melted at room temperature and filtered on vacuum pump filter towers using pre-
combusted glass fiber filters (GFF) before being collected in pre-cleaned amber HDPE bottles. A
liter of deionized water was used to rinse between samples. Filter system blanks were collected
by filtering 250 mL of deionized water through pre-combusted GFFs; powder-free gloves and
Ziploc bags were also tested for potential NO3™ contamination.

Surface water was sampled from lake inflows/outflows and streams connecting lake
networks. Glacial outlet meltwater and lateral glacial streams were sampled from both snow-fed
and rock glacial inlet streams/rivulets following surface water collection methods described
below. All surface water samples collected in-situ were filtered using syringe filters (Micropore,
0.45um), and stored in precleaned amber HDPE bottles. Prior to collection, bottle and syringe
were rinsed three times with sample water, a mL of filtered water was discarded to remove any
filter NOs", and each bottle was filled with filtered water. This was done in triplicate. All snow,
ice and surface water samples were stored frozen and shipped to Brown University for
concentration and isotopic analyses.

Archived samples from Andrews Tarn and Sky Pond were compared with the 2017-2018
dataset from LVWS. These samples included surface water collected at the inlets of Andrews
Tarn and Sky Pond between the years 1992-1996 and 2012-2013. Frozen archived samples were
shipped frozen to Brown University for isotopic analysis. Previous characterization (8'*Nnos3,
8'%0n03, A"Ono3) 0f 2012 GLV samples (e.g., snow, snowmelt, talus, surface and soil waters,

groundwater, Hafich, 2014) were used for comparison with samples collected in 2017-2018.
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2.3 Nutrient Concentration Analysis

Concentrations of nitrate (NO3"), nitrite (NO7"), and ammonium (NH4") were measured
using a colorimetric nutrient analyzer (Westco SmartChem 200) and standard protocols (U.S.
EPA Methods: 353.2 (Revision 2.0) for NOs"; Method 354.1 for NO;"; and Method 350.1 for
NH4"). Analytical precision and accuracy were calculated using quality control replicates
analyzed with each sample set: £0.5 umol L'! for NOs", £0.2 pmol L' for NO, and £0.6 pmol L!
for NH4", and detection limits were 0.3, 0.2 and 1 umol L', respectively. NADP wet
precipitation is collected on a weekly basis. NADP sample concentrations are presented as
volume-weighted monthly averages where the measured concentration was multiplied by the
sample volume and divided by the total volume collected for the month.
2.4 Stable Isotopic Analysis

The isotopic composition of N (8'*Nnos vs. Nz in air) and oxygen (8'*0Onos vs. Vienna
Standard Mean Ocean Water or VSMOW) in NOs™ was characterized using the bacterial
denitrifier method (Sigman et al., 2001; Casciotti et al., 2002) on sample aliquots containing 20
nmol of NOs". Briefly, denitrifying bacteria (Pseudomonas aureofaciens) were used to
quantitatively convert NO3™ to nitrous oxide (N2O) in each sample. The sample gas was then
extracted, purified and cryo-focused (collected in a trap submerged in liquid N>) before analysis
of mass ratios were determined on the gas chromatograph isotope ratio mass spectrometer (GC-
IRMS, Thermo-Scientific Delta V Plus) in continuous flow mode. [sotopic mass ratios (R =
ISN/N or 180/'%0) are reported in & notation: (1) § (%o) = [(Rsample)/(Rstandara)-1] x 1000%o.
Internationally recognized NOs™ reference standards were used for sample calibration (Bohlke et
al., 2003 and references therein). All reference standards were prepared in 18.2 M) water

according to the concentration range of the samples being analyzed. Reproducibility for §'*°Nnos

146



and '8 0nos was determined by calculating the pooled standard deviation of sample replicates
(based on n=36 pairs; £0.3%o and £0.7%o for 5'’Nno3 and 8'80no3, respectively). Pooled standard
deviations for 8'°Nno3 standards IAEA-N3 (n=114) and USGS34 (n=105) were 0.1%o and 0.2%o,
respectively. For 8'%0nos standards, pooled standard deviations for IAEA-N3 (n=110), USGS34
(n=107), and USGS35 (n=105) were all 0.3%., respectively.

If enough sample remained following concentration and 8'>Nos and 6'*Onos3 analysis, 50
nmol of NO;™ was converted to N>O using denitrifying bacteria (Pseudomonas aureofaciens) and
then decomposed to N> and O» using a heated gold tube at 770°C (Kaiser et al., 2007; Fibiger et
al., 2013). Using the isotopic mass ratios of Oz, A'’Onos was derived using: A'’O =870 - 0.52 x
8'80 (Kaiser et al., 2007; Michalski et al., 2003). This relationship quantifies the mass-
independent 70O excess found in atmospheric trace gases that react with ozone (Kaiser et al.,
2007; Thiemens and Heidenreich, 1983). Reproducibility for A!’Onos3 is +0.4 %o based on the
pooled standard deviation of sample replicates (n = 37 pairs). Pooled standard deviation of
A'""Onos standards USGS34 (n=101) and USGS35 (n=95) were 0.8%o0 and 1.0%o, respectively.

One limitation of this analysis is the mass requirement and corresponding analytical
volume limitation, which often results in few or no data points for low concentration/mass
samples, such as those preserved in glacial ice. Our objective to characterize the isotopic
composition of NO3™ in glacial ice motivated the development of a new application of the
denitrifier method using isotope dilution theory (Clark et al., in preparation). In brief, a NO3-
reference standard was used to calibrate across a range of masses and a set amount of this same
standard was added to a standardized volume of sample. If the mass-area relationship is well-
constrained, the isotopic composition of the sample can be calculated using mass balance.

Reproducibility was assessed using the standard deviation of the following in triplicate: 1) the
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standardized spike additions for constraining the area-mass relationship (17.1 £1.2 volt-seconds
or mass area units for 30 nmol additions), and 2) the isotopic composition of the reference
standards and sample replicates (within 10-15% or ~2-3%o). Using this technique, we improved
our ability to analyze a subset of glacial ice samples (n=15) with very low concentrations (<1
uM) that otherwise might not be measurable (Clark et al., in preparation).

An average A'"Onos was calculated for snow and rain in each watershed by year
(A" Oaverage). These average values were then used to discern the actual proportion of
atmospherically oxidized NO3™ present in all sample types (e.g., surface water, meltwater from
rock and surface glaciers, ice, etc.), using the following equation from Michalski et al., (2004):

(2) % Atmospheric Nitrate = AOgamples A" Oaverage X 100

Snow was used as the representative atmospheric sample type for this calculation in early
summer (before mid-July) because it captures the isotopic composition of winter and spring
precipitation accumulation that would be transported downstream during snowmelt. In contrast, a
A'""Onos average for rain was used to calculate % atmospherically derived nitrate (referred to as
%AD from here on) in the late summer samples (after mid-July) to calculate estimates according
to the atmospheric deposition sample type most prominent by season. This approach was
conducted for each watershed and year to compensate for observed temporal and spatial
differences in A '7Ono3, rather than using one mean value for all calculations. Still, since a mean
value was used to conduct this calculation (as opposed to a maximum), percentage calculations
sometimes resulted in estimates slightly above 100% (evident primarily in snowpack samples,
which had higher A" Ono3 compositions reflective of wintertime atmospheric conditions).

Unable to characterize A!’Onos in precipitation samples from the same time period as the

historical surface waters, the A'”Onos of snow and wet deposition in LVWS during this study
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(2017-2018) was assumed to be consistent with that in the 1990s and early 2000s. The A!"Ono3
would only change significantly if important changes in the oxidizing budget of the atmosphere
occurred, such that the major chemical formation pathways for NO3™ in the atmosphere changed
markedly. Even with recent emission changes, this does not appear to have occurred (Alexander
etal., 2019). This assumption allowed us to use the mean A'’Ono3 of snowpack and rain during
these two years to quantify the % AD present in all historical surface water samples. Error was

calculated using the standard deviation of the A'’Ono3 and equation (2) for each sample type.

3. Results and Discussion
3.1 Inorganic nitrogen concentrations in Loch Vale Watershed and Green Lakes Valley
NOs™ was present in all sample types collected each year from May to August in both
watersheds (Figures 1, S1, S3). Sample types with the highest NO3™ concentrations include: rock
glacier meltwater and surface water followed by rain, glacial ice/meltwater and snowpack
(Figure 1). NO;” was negligible in all samples. NH4" concentrations were elevated in
atmospheric samples, but very low (generally <2 uM) or undetectable in surface waters (Figures
1, S1). Measurable NH4" concentrations were highest in rain and lowest in snowpack (Figure 1).
NADP rain samples had higher median NO3™ and NH4" concentrations (~11uM and ~16uM,
respectively) relative to snowpack and glacial ice (Figures 1, S1). In contrast, snowpack had
much lower median concentrations for NO3™ and NH4" (<3uM in LVWS and <6uM in GLV,
respectively) (Tables S1-S2; Figure S1). Median concentrations for NO3” and NH4" have
declined in snowpack and wet deposition since the early 2000s, though overall ranges are largely
consistent with previous observations (Clow et al., 2002; Nanus et al., 2018). Differences in

concentration in snow/rain could reflect seasonal changes in transport of local or regional

149



sources of NO3; and NH4* or how much of the atmospheric column is being washed out at these
high elevations. Previous studies highlight the effect of elevation and upslope storms in
determining ion concentration patterns (Wasiuta et al., 2015; Benedict et al., 2013), as well as
post-depositional elution of snowpack solutes (Tsiouris et al., 1985; Naftz et al., 2011).

Glacial ice (LVWS) had very low NOs™ concentrations compared to glacial meltwater
sampled in GLV (median <2.8 uM vs. 27.2uM for both years, respectively) (Figure 1). While a
broader range was observed in NH4" (maximum of ~15-18 uM for both years in each watershed),
a low median (~5 and 6.3 uM) was observed in both watersheds for glacial samples. Glacial
meltwater (GLV) had considerably higher NO3™ (median=27.2 uM) and comparable NH4" values
(median=6.3 uM) compared to the glacial ice sampled in LVWS (Figure 1a-d). NO3"
concentrations were highest in rock glacier meltwater in both watersheds (Figures 1c-d, S1;
median = LVWS (21.1uM) and GLV (38.6uM)), while NH4" was < 1 uM/negligible (Figure S1;
Tables S1-S2). Rock glacier NOs™ concentrations increased ~2-3x late into the summer season in
GLV compared to early summer (e.g., 2017 and 2018 ranges: 33.7-64 uM and 26.7-77.5 uM,
respectively; Table S2). This is consistent with previous rock glacier meltwater observations in
the GLV watershed (Williams et al. 2007; Hafich, 2014), as well as rock glacier meltwater
characteristics across the western U.S. (including LVWS) (Fegel et al., 2016).

Surface waters exhibited high NOs;™ concentrations (~18 uM (LVWS); 9-14 uM (GLV))
throughout the summer season, while NH4" was low/undetectable (<1uM) in both watersheds
(Figures la-d, S1; Tables S1-S2), consistent with previous studies (Campbell et al., 2002; Baron
et al., 2009; Barnes et al., 2014). LVWS archival surface water samples reflect gradual decreases

in mean NO3™ concentration over time from 1992-1996 (mean + SD: 24.2 + 8.9 uM), 2012-2013
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(21.5 + 11.9 pM), and 2017-2018 (this study, 17.6 = 5.7 uM to 18.9 + 12.0 uM) (Figure S2;

Table S1).
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Figure 1: Median and range of all sample types, where (a-b) NH4" concentration in pmoles L™!
(uM), (c-d) NOs5 concentration in pmoles L' (uM), (e-f) §'"Nno3 (%o), (g-h) 8'*0Ono3 (%o) and (i-
7) A7 Ono3 (%o) reflected by sample type: rain (RN, LVWS (n=30); GLV (n=36)), snowpack (SP,
LVWS (n=66); GLV (n=64)), surface glacial ice/meltwater (SG, LVWS (n=38); GLV (n=38)),
rock glacier meltwater (RG, LVWS (n=27); GLV (n=13)), and surface water (SW, LVWS
(n=51); GLV (n=15)) for LVWS and GLV for early and late summer in 2017-2018.
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3.2 Isotopic composition of NO3 results

NO;s" in snowpack and rain typically reflected low 8'>Nnos (-8.0 to 3.4%o) and very
elevated 8'%0Ono3 (44.6 to 80.1%o) for both watersheds (Figure 1e-h, Tables S1-S2). Rain
(representative of late spring and summer wet deposition) had more negative 5'°Nnos values (-
8.0 to -1.7%o) than winter snowpack (-5.1 to 3.4%o) and a smaller range in 5'®Ono3 (65.2 to
76.6%0) compared to snowpack (44.6 to 80.1%o) (Figure le-h, Tables S1-S2). Snow samples
were more enriched with respect to "N compared to rain, potentially reflecting seasonal
differences in precursor NOx sources (Clow et al., 2015). The range of wet deposition 8'*Nno3
values was larger and more depleted with respect to >N for samples collected in this study
compared to previous work in the region (see Table S3), but §'’Nno3 and §'%0no3 compositions
for these atmospheric sample types are consistent with other mid-latitude mountain studies
(Table S3). Distinctions in 8'¥0Ono3 between winter snowpack and summer precipitation reflect
seasonal differences in atmospheric oxidation chemistry prior to deposition (Michalski et al.,
2012, 2003; Hastings et al., 2003). A!”Onos3 values for NADP rain and snowpack ranged from
21.8 to 31.3%o and 6.5 to 36.2%o, respectively, where snowpack A!’Onos (and 5'*Onos see above)
composition spanned a much larger range, especially in GLV (Figure 1i-j, Table S1-S2).
Previous A'”Onos characterization of GLV snow samples were consistent with high values
expected for atmospheric sample types (i.e., 22-34%o0) and previous work in the region, but did
not capture the entire A!’Onos range in the current study (specifically 2018 when values between
6.5-22%o0 were observed, Table S3).

Given the conditions of the ice (i.e., soft, mushy), difficulty of sampling (e.g., close to
high noon instead of early morning) and limited sample size, the objective was to characterize a

bulk ice geochemical signature. Glacial ice values covered a broad range across all isotopes;
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&' NnNo3 was generally positive (-2.5 to 5.8%o), while 3'¥Ono3 (59.6 to 72.1%o0) and A"Onos (2.8
to 33.2%0) were generally very high and consistent with typical snow values, however, there
were some lower A'”Onos values than expected if ice were merely stored atmospheric deposition
(Figure le,g,i; Table S1). '*Nnos in glacial ice was slightly more enriched compared to
meltwater, snow and rain in both watersheds (Figure 1e-f, Tables S1-S2). Glacial meltwater
samples exhibited a narrower 8'’Nnos range compared to glacial ice (Figure 1e-f; Tables S1-S2).
8'%0n03 and A'"Onos in glacial meltwater spanned a larger range in LVWS (8% Ono3 = 7.0 to
38.4%o0; A'"Ono3 = 4.3 to 17.9%0) compared to GLV (8'80no3 = -0.2 to 5.8%o; A'’Onos = 2.7 to
4.6%o0) (Figure 1g-j, S2; Tables S1-S2). Specifically, there were more glacial samples that had
low A'7Onos in LVWS than in GLV glacial meltwater. In 2018, a lateral meltwater stream
between Andrews Glacier and underlying bedrock reflected 3'®Onos and A7Onos isotopic values
between all other atmospheric and surface water samples (i.e., 8'*Ono3 = 15 to 40%o; A'’Ono3 = 8
to 18%o) (Figure S3b-c). No previous glacial ice (or meltwater in LVWS) samples have been
characterized isotopically in this region for comparison, but a Wind River Range (Wyoming)
glacier study observed a more negative range in §"’"Nno3 (-5.9 to -3.2%o) from 1950 to present
day, which was suggested to exhibit an anthropogenic signature (Naftz et al., 2011).
Interestingly, this observed range does not overlap with the §'°Nno3 observed in the current study
(i.e., -2.5 to 5.8%0). In addition, a study characterizing subglacial and supraglacial
runoff/meltwater for §'*Nnos and §'80Ono3 in Svalbard found supraglacial samples (at the surface)
were more representative of atmospheric NO3™ and subglacial samples (near the glacier bed)
reflected a biological isotopic signature (Table S4). While consistencies are apparent between
studies, we observed a much broader range in N and O isotope mass ratios (Table S4), indicating

that the glacial samples collected reflect a mix of atmospheric and terrestrially sourced NO;".
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Considered an abiotic environment until recently, it is now clear that glaciers have active N
cycles (Tranter et al., 2004; Edwards et al. 2011; Telling et al., 2011; Hodson et al., 2005; Wynn
et al., 2007) and contain diverse microbial communities and microhabitats influenced by supra-
/sub-glacial processes (Anesio et al., 2017; Anesio and Laybourn-Parry, 2012; Ren et al., 2019;
Havig and Hamilton, 2019).

Surface water samples all exhibited low A!’Ono3s compositions, while 3'*Onos and
&' NnNo3 compositions were lower and higher compared to the atmospheric sample types
measured, respectively (Figure le-j). In LVWS and GLV, surface water and rock glacier samples
generally shared overlapping isotope characteristics across sample years (LVWS: §'"Nno3 ~ -
1.7%o t0 2.9%o, 8'%0n03 = 0.9 to 24.2%o, A'"Ono3 = -0.7 to 10.0%0; GLV 8"*Nno3 = -1.7 to 3.5%o
with a possible outlier of 9.3%o, 8'*0Ono3 = -2.1 to 14.0%o, A'"Ono3 = 1.4 to 7.3%o) (Figures lc-f,
S3; Tables S1-S2). These overlapping ranges between sample types are largely consistent with
previous findings from each watershed (Table S3), however observed ranges for 5'®Onos and
A'""Onos were larger for rock glacier and surface water sample types in LVWS than in GLV
(Tables S1-S2). Rock glacier NO;™ concentrations in GLV increased from early to late summer
while 8'"®Ono3 and A"Onos remained consistent at ~8%o and 4%o the whole season, respectively
(Table 1, Figure S3e-f).

LVWS archival surface water samples collected in 1992-1996 and 2012-2013 exhibited
comparable ranges and mean values for all isotopes (Figure S2). However, on average, the
&' Nnos in historical samples (mid-90s: 1.9+1.2%o, early 2010s: 1.441.7%o) was more elevated
and 5'80no3 and A!'7Onos exhibited larger ranges compared to the present study indicating a
greater presence of uncycled atmospheric NO;3™ in the past and a shift in sources (e.g. greater

contribution from the cryosphere or atmospheric NH4") through time (Tables S1-S2, Figure S2).
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All LVWS surface water samples (1992-1996, 2012-2013, and 2017-2018) isotopically
characterized in this study compare well with previously observed ranges for §'>°Nnos and
8'%0nN03in LVWS (Campbell et al., 2002), but the characterization of A!’Onos enables for a more
quantitative estimate of atmospheric NOs" in these surface waters (via %AD) than '8 Onos alone.

Much attention has been paid to the isotopic composition of NOs™ in lake surface waters
in national parks across the Rocky Mountains (e.g., Glacier, Grand Teton, Great Sand Dunes,
Rocky Mountain, and Yellowstone) and the Uinta Mountains (Nanus et al., 2008 and references
therein; Hundey et al., 2016) in an attempt to link '*Nno3 to emission sources, although
overlapping source ranges can make apportionment a challenge. Recent work has improved
constraints on direct NOy source emissions, including vehicles, soils and biomass burning, which
will improve the ability to attribute source values to the isotopic composition of receiving waters
in the future (Miller et al., 2017; Miller et al., 2018; Fibiger and Hastings, 2016; Chai et al.,
2019). Below, we focus on the significance and utility of A'’Onos to quantify and assess
atmospheric inputs across the alpine landscape.
3.3 Persistent atmospheric NOsz supply in space and time

Climate is an important lever on a mountain watershed’s biogeochemical mass balance
(Heath and Baron, 2014). Warming and drought influence the sources, storage, and lags between
inputs from deposition and loss from the catchment. Enhanced N export in streams could reflect
important changes in the cryosphere and hydrologic connectivity under warming summer
temperatures rather than atmospheric N deposition (Baron et al., 2009; Barnes et al., 2014). As
glacial relics continue to shrink, the impact of discharging large pulses of legacy

pollution/nutrients on downstream processes remain uncertain (Milner et al., 2017).
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All samples characterized here indicate a presence of atmospheric NOs, as evidenced by
a nonzero A!”Ono3s composition. As expected, high A'’Onos values are associated with all
atmospheric sample types (e.g., snowpack and rain), while all other sample types (e.g., surface
water) exhibit lower A'”Onos values especially in late summer. Perennial A'’Onos composition
suggests that atmospheric NOs™ is present and supplied throughout the summer season, well past
snowmelt. During this seasonal progression, the overall NO3™ concentration contributed by rock
glacier inputs increases 2-3x, while A'’Onos values are sustained (~4%o); this is especially
apparent in the rock glacier meltwater in GLV (Figure 2; Table S5). These low A'’Onos values
implicate the role of NO3™ produced by mass-dependent processes (i.e., biological/microbial
transformations). The production of NO3™ via microbial nitrification incorporates oxygen atoms
from both atmospheric oxygen and water (Mayer et al., 2001), which both have A70=0%o
(Michalski et al., 2004), and thus dampens the high A'’Onos signature of atmospheric NOs™. In
contrast, denitrification is a process that consumes NOs3" (i.e., lowering the concentration)
resulting in enrichment of >N and '®0, leaving the A'"Ono3 unchanged.

The relationship between A”Onos and 8'0nos3 lends additional evidence that nitrification
contributes a major supply of microbially-produced NOs" to these systems. Based on the
relationship between §'80no3 and A'’Onos across all sample types, we can estimate the 3'*Onos
of the biological source (i.e., the y-intercept where A'’Onos = 0%o) (Michalski et al., 2004;
Bourgeouis et al., 2018; Hafich 2014; Darrouzet-Nardi et al., 2012). Using this approach, we find
negative 8'%0nos values (-5.1%0 LVWS; -3.6%0 GLV) for nitrification, in line with the expected
range (8'"*Onos = -5 to 15%o; Mayer et al., 2001), as well as previous estimates in the study
region (-4.7%o, Hafich, 2014). The 8'%0no3 values also share some overlap with soil water and

groundwater samples previously characterized in GLV (Table S3).
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These observations suggest a large supply of non-atmospheric NO3™ must comprise ~
80% of the NOs3™ exported from these high elevation sites (Table S5). Further, the proportional
contribution does not change dramatically seasonally, especially in GLV where rock glacier
inputs maintain a consistent signature (i.e., A'"?Onos ~4%o) despite the significant increase in
concentration late in the season (Figures 2, S3f). While this corroborates previous evidence of
microbial nutrient sources in each respective watershed (Williams et al., 2007; Hafich, 2014;
Campbell et al., 2002), the fact that uncycled atmospheric NOs3™is continually present, even late
in the season, means we need to rethink nitrogen sources and processing within these alpine

catchments.
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Figure 2: NO;™ concentration in pmoles L' (uM) vs. percent atmospheric NO3™ deposition
(%AD) reflected by sample type: surface glacial ice/meltwater (SG), rain (RN), rock glacier
meltwater (RG), snowpack (SP), and surface water (SW) for LVWS and GLV for 2017-2018
where circles and triangles represent early and late summer sample collections, respectively.
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Interestingly, atmospheric NOs" is entering surface waters beyond the ionic pulse of
nutrients associated with snowmelt. This is surprising considering nutrient delivery in alpine
systems is thought to be heavily reliant on seasonal hydrology (Sickman et al., 2003; Williams
and Melack, 1991) and winter snowpack NO3™ concentrations are much lower (<10uM) than
those observed in receiving surface waters (on the order of 20 uM). Based on these findings and
the consistent supply of atmospheric NOs™ late in the summer (Figures 2-3), glacial features
and/or rain must contribute to surface water composition. These findings support previous work
that used solute chemistry to draw similar conclusions (Williams et al., 2007; Saros et al., 2010),
but the isotopic compositions presented in this study offer additional insights. The N and O
isotopic composition of NOs™ in rain and snowpack (with the exception of snowpack 8'>Nnos)
share no overlap with surface water samples collected (Figure 1c-f). In contrast, surface water
NOs" compositions share similar isotopic signatures as glacial features (Figure 1c¢-f). This
strongly suggests that glacial meltwater, containing ‘uncycled’ atmospheric NOs", is a critical
component to the observed elevated NO3™ concentrations, suppling an important source of
nutrients to downstream aquatic systems at a minimum late in the summer season but likely
throughout the growing season.

3.4 Quantifying seasonal and long-term trends in atmospheric NOs™ contribution

We can address whether the contribution of atmospheric NO;™ has in fact changed over
time or whether a non-atmospheric/microbial source of NO3™ plays a larger role in the present
budget by quantitying the proportional contribution of atmospheric NO3 to the surface water
composition in these alpine ecosystems across space and time using A'’Onos3 as a conservative
tracer. Using seasonal constraints on A'’Onos, we estimate the proportional contribution of

atmospheric and non-atmospheric (e.g., microbial) NO3" for all samples collected in 2017-2018
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and LVWS historical surface water samples. For historical samples, mean values for snowpack
(~30%o) and rain (~25%o) were used for this calculation and the calculated error was £3-9%.
Snowpack and rain have expectedly high %AD (typically 80-100%) compared to surface water
(~5-35%) and glacial sample types (rock glacier ~5-25% vs surface glacier ~10-100%) (Figure
2). Atmospheric A'’Onos characterized in archived (mid 1990s and early 2010s) and more recent
(2017-18) LVWS surface water samples share overlapping ranges (Figure S2), which may
suggest an unchanged supply of atmospheric NOs3™in these systems. In contrast, on a shorter time
scale there is a decline in %AD in surface water relative to atmospheric and glacial inputs
seasonally (Figure 2).

As water sources transition from snowmelt (early summer) to baseflow (late summer and
early fall), the contribution of atmospheric NOs to surface waters declines. Proportionally,
atmospheric NO3z™ (%AD) only represents as much as 20% (32%) in early summer and as little as
11% (25%) in late summer for rock glacier-fed (and surface glacier-fed systems), respectively
(Figure 3), and appears consistent between both watersheds (Figure 2-3; Table S5). The vast
majority (75-89%) of NO3~ exported is non-atmospheric (i.e., microbially-transformed) by the
end of summer in surface and rock glacier-fed systems (Figure 2), indicating that atmospheric
NOs" 1s not a driver of these elevated concentrations and that the microbially-transformed NO3"
source dominates, regardless of type (rock-glacier fed vs glacial-fed) and extent of cryospheric
features, late in the thaw season to baseflow conditions (Figure 3).

Historical surface waters reflect the same seasonal shift in atmospheric NOs™ present as
summer progresses (Figure 3), which align with seasonal changes in hydrology. Interestingly,
these samples also reflect declines in atmospheric NO3™ spanning ~3 decades (Figure 3) and

correspond with declining NO;™ deposition trends observed at national and local scales over the
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same time period (NADP, 2019; Schichtel et al., 2019). While the proportional contribution of
atmospheric NO3z™ was higher in the past, microbially-cycled NO3™ remains the dominant source
dating back to the mid-90s (Figure 3). The prominence of this cycled NOs™ source is consistent

with previous estimates (> 75%) in LVWS using §!80no3 in the mid-90s and ~81% in GLV in

2012 using A"Onos (Campbell etal., 2002 and Hafich, 2014, respectively).
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Figure 3: Percent atmospheric NO3™ in LVWS surface waters from the mid-90s, early 2010s, and
this study in early and late summer. This calculation was conducted for lake surface waters fed
by rock glacier (Sky Pond) and ice glacier (Andrews Tarn) meltwater using mean values for
2017-2018 snowpack (~30%o) and rain (~25%eo). Error bars represent the standard deviation of
the A'Onos average presented as percent atmospheric NOs™ (£3-9%, based on seasonally
dominant precipitation sample types).
3.5 Implications of this work

A source of microbially-cycled (i.e., nitrified) NO3 has a dominant presence in these
alpine systems over the span of three decades. These findings have implications for our
understanding of how these environments evolve under a changing climate and the amenable

conditions for biological processes to occur. For example, increasing air temperatures leading to

glacial retreat (e.g. Caine, 2010), may shift the systems from snow to rain-dominant precipitation
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regimes (Knowles et al., 2006) and enhanced dry deposition can enhance thaw rates due to
albedo changes (Skiles et al., 2012), create slushy ice conditions, and providing more moisture
for microbial activity to take place. Glacial reservoirs (as well as high elevation snowfields)
contain nutrient sources for microbial processes such as legacy and modern atmospheric N (wet
and dry deposition), organic matter, black carbon, dust, or clay-bound NH4" (Fegel et al., 2019;
Hood et al., 2015; Li et al., 2019; Wynn et al., 2007), and are more biologically active than
previously thought (Ren et al., 2019; Hamilton and Havig, 2018; Boetius et al., 2015). Further
snow acts as an insulator over microbially active soils during winter, which utilize NH4" from
precipitation to nitrify NO3™ prior to being flushed downstream during hydrologically active parts
of the year (i.e., peak snowmelt) (Williams et al., 1996; Brooks et al., 1996). In addition,
snowpack can act as a biogeochemical and photochemical reactor that actively oxidizes clay-
bound NH4" to form NOs in addition to emitting NOx (Amoroso et al., 2010). Given the broad
range we observe in A'’Onos, nitrification within Colorado snowpack could become more
important to the cycling of inorganic N deposition downstream, as well as, the release of gaseous
species to the atmosphere in the future, but additional study is needed.

As precipitation regimes and glaciers continue to change, the proportion of NO3™ from
glacial inputs entering alpine watersheds is almost certainly going to remain prominent until the
distribution of cryosphere features is eliminated entirely. Based on forecasted warming
scenarios, air and ground temperature measurements, thawing of surface (snow glaciers) and
subsurface ice (i.e., permafrost, rock glaciers) is expected to accelerate in alpine systems in the
Colorado Front Range (Christiansen et al., 2007; Hill et al., 2008) — a process that enhances late
season water flow in glaciated catchments, compensating for minimal water supply during low

snow years. It remains to be seen whether direct melt inputs of unaltered atmospheric deposition
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or hydrologic flushing of microbially active habitat (e.g., soils/subglacial) will be the dominant
driver in the future, but currently atmospheric NOs™ (as direct deposition and glacial stores) is not
the dominant supply of NOs™ to these surface waters. Continuous changes in the cryosphere are
likely to result in fluctuations in the geochemical inputs to downstream ecosystems, but the
dominance of biological/microbial processes (i.e., nitrification) that produce NO3™ in these
watersheds has been consistent over time.

Nitrification requires a supply of NH4". If atmospheric NH4" deposition continues to
increase (Schichtel et al., 2019; NADP, 2019), it is likely that biological activity in these
environments will increase in response. Additionally, if atmospheric NH4" is a key driver to the
sustained export of NOs3", then atmospheric N deposition remains problematic despite NOx
regulations. Agricultural and urban sources of NH3/NH4" are becoming more prominent
generally east of the Colorado Front Range (Li et al., 2016; Benedict et al., 2013), while natural
NHj3 emissions from subalpine grassland and forest soils have been determined to be low in
Rocky Mountain National Park (Stratton et al., 2018). Remineralization of dissolved organic
matter (DOM) released by glacial meltwater or organic matter in newly thawed soils may supply
an additional source in future climates. Recent work suggests that rock and surface glaciers
supply DOM sources that vary in quality and quantity in high elevation alpine lakes (Fegel et al.,
2019). While we are unable to assess the significance of soil or glacial organic matter directly,
we can roughly estimate whether enough atmospheric NH4" is entering these systems to
supplement the microbially-produced NOs3™ proportion.

Almost 90% of the NOs™ inventory entering these lakes is microbially-generated by late
summer, which begs the question: where is it all coming from? Could it come from atmospheric

deposition alone? Ammonium concentrations are elevated in atmospheric inputs relative to
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surface waters (where NH4" is not detected) suggesting that any incoming supply of reduced N is
preferentially taken up and/or oxidized. Under the assumption that the conversion of NH4" to
NOsis 1:1 with no quantitative loss, we can roughly estimate the concentration of NH4" required
to produce enough microbially-produced NO3"to dilute the atmospheric NO3™ supply using the
%AD of the microbial source and the concentration of the input. For example, using a maximum
observed NOs™ concentration (e.g., 74uM) and the calculated %AD (e.g., AD=11%, thus non-AD
=89%), we can estimate the concentration of NO3™ (produced by microbial activity) entering via
rock glacier inputs (e.g., ~66uM). On average, 1.5x less NO3™ enters these systems as wet
precipitation relative to NH4" (~30-40uM and as high as 55uM for NH4" alone), and the amount
of NOs™ and NH4" entering via snowpack is ~1:1 and on the order <10uM, respectively (Figures
Ic-d, S1). Based on this calculation and concentrations of seasonal wet deposition and snowpack
inputs, nitrification activity could be entirely sourced from atmospheric NH4".

Additional constraints on the source of NH4" supplying nitrification activity could aid in
determining how significant of a role atmospheric versus non-atmospheric sources of NH4" (e.g.,
OM from melting glaciers or thawing permafrost) are in these evolving alpine environments.
However, it is likely that atmospheric NH4" delivered via wet deposition plays an important role
as it is supplied during periods of peak productivity during the summer period, practically
negligible in concentration in all non-atmospheric sample types and has been increasing over
time. NH3 emissions are unregulated in the United States and will continue to contribute to the
persistence of NH4" deposition and loading of this highly desirable nutrient to surface waters. If
the current reactive N depositional landscape remains unchanged, the health of aquatic and

terrestrial ecosystems in the Colorado Front Range may be further affected.
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Overall, results suggest:

1) Atmospheric NO;™ deposition contributes only 20-11% of the surface water NO3™ in two
alpine systems of Colorado, down from a contribution as high as 40-45% in the 1990s;

2) Non-atmospheric supplies of NO3;™ have been the dominant source of NO3 to alpine
surface waters across space (i.e., LVWS and GLV) and time (i.e., 1992-1996, 2012-2013,
2017-2018, early-late summer) collectively covering the 30-year window when major
shifts in atmospheric reactive nitrogen emissions have taken place;

3) Increasing NH4" in atmospheric deposition could be a source of this sustained NO3-
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6. Supplement to: Quantifying atmospheric nitrogen deposition in alpine ecosystems of the
Colorado Front Range
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Figure S1: NOs”and NH4" concentrations in pmoles L' (uM) reflected by location (e.g., a.) Loch
Vale and b.) Green Lakes Valley), collection year (2017, 2018) and sample type: glacial (gl), rain
(pre), rock glacier (rgl), snow (sn), and surface water (sw).
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Figure S2: ' Nno3, 8'%0n03, A'’Onos vs. NO3™ concentration (uM or umol L) for Loch Vale
Watershed surface water samples collected in 1992-1996, 2012-2013, 2017 and 2018. Samples
collected before 2017 were sampled by the USGS Loch Vale Watershed Monitoring Program.

The meanzstdev for §'>Nnos, 8'%0no3, A'7Onos for the mid-90s and early 2010s, respectively:

(1.9£1.2%0; 19.5+9.7%o0; 9.4+3.5%0) and (1.4+1.7%o; 19.5+11.8%0; 8.6+4.4%o).
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Figure S3: Isotopic composition of & '"Nnos, 6 '*Onos, A '7Onos vs. NOj3™ concentration (uM or
umol L) for LVWS (a-c) and GLV (d-f). End-members represented included glacial
ice/meltwater (gl), rain (pre), rock glacier meltwater (rgl), snow (sn), and surface water (sw)
from both 2017 and 2018 field campaigns.
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- 15 18, 17, +
Loch Vale Watershed NOs n & "Nxos &7 Onos3 A7 Oxos n NH, n
(uM) (%o) (%o) (%o) (uM)
Rain. 2017 52t019.4 -8.0t0 -3.0 65.2t0 73.8 21.8t027.6 8.1t023.7
13 13 13 9 13
12.8+5.1 -4.6+2.0 70.6 £3.6 252425 16.9+6.0
Rain. 2018 5.61t016.3 -5.8t0-3.0 68.6 to 76.6 24.7t0 30.6 9.7t031.6
16 16 16 16 16
10.6 +4.5 46+1.1 712+3.4 273+2.6 16.8 £9.2
Snowpack 2017 1.3t06.4 2.1t02.3 70.5 to 80.1 26.51t033.6 0to2.4
13 12 12 6 13
23+1.7 0.6x1.4 74.8+3.6 30.5+2.7 1.2+0.8
Snowpack 2018 0to 8.1 -3.7t034 66.3 to 79.5 27.2t031.6 0.6 to 8.6
48 38 38 41 48
34+1.7 -08+1.9 73.9+24 293+1.0 33+2.0
Glacial Ice 2017 0.21t06.5 -2.5t04.7 -10.6 to 72.1 2.8t033.2 0.21t029.8
9 5 5 5 9
1.6+2.1 1.6+3.1 53.0£35.6 23.8+12.0 8.0+9.2
Glacial Ice 2018 02t05.6 4410538 59.6 to 66.5 10.1 to 28.4 0.3 to 14.0
18 9 9 14 18
24+2.1 5.0+0.6 63.6+2.9 213+7.0 57+53
Glacial Meltwater 2017 7.6t09.7 0.8t0 2.9 7.0t0 11.8 43t05.6 0.2t0 0.4
5 5 5 4 2
8.6+0.9 1.7£1.0 9.0+£2.6 5.0+0.7 0.3+0.1
Glacial Meltwater 2018 22t012.3 -09to0 1.5 15.6 to 38.4 45t017.9 241t06.7
7 8 6 6 7
5.6£4.6 0.2+0.6 27.5+59 12.8+£3.7 47+£1.5
RG Meltwater 2017 18.1t0 28.2 -0.7to 1.6 3.7t016.3 2.7t09.6 0to 10.1
18 16 16 11 18
223436 0.3+0.8 10.4+6.0 5.6£2.6 09+24
RG Meltwater 2018 10.8 to 53.6 -1.7t0 1.6 331t016.8 3.1t08.5 0to5.2
11 11 11 11 11
273 £15.3 0.0+1.1 9.0+4.7 58+19 0.6+1.8
Surface Water 2017 7.2t028.9 0.2t02.9 34t024.2 3.21t010.0 0301.5
23 20 20 16 23
17.6 +5.7 1.1£0.8 14.5£7.0 6.6+£2.4 0.7+0.4
Surface Water 2018 8.3t028.4 -1.7t0 1.9 0.9t016.8 -0.7 to 8.5 0to2.6
24 26 26 25 24
18.9+12.0 0.8+1.0 7.6+54 45+£24 0.6 £0.8

Table S1: Range and mean =+ standard deviation for each isotope (5'°Nnos, 8'¥Onos, A"Ono3)
and nutrient concentration (NO3 and NH4"), where n = number of samples analyzed. Samples
were collected during the summers of 2017-2018 in Loch Vale Watershed in Rocky Mountain

National Park.
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- 15 18 17 +
Green Lakes Valley NOs n 5 "Nvos n 5" Onos n A7 Onos n NH, n
(uM) (%o) (%o) (%o) (uM)
Rain. 2017 -6.3t0-1.7 65.2 to 70.9 23.6t028.2
5.8t031.8 2 2 2 10 10.2t0 41.9 2
158+ 12.4 -3.9+1.9 68.7+2.6 25.3+1.8 253 +13.8
Rain 2018 -6.8 t0 -2.0 66.7 to 75.5 23.7t031.3
5.61t016.3 1 1 1 1 9.7t031.6 1
10.6+4.5 -4.24+2.0 70.1£3.3 27.3+3.3 16.8+92
Snowpack 2017 -3.6t0 0.6 68.1to 76.1 26.11t036.2
0.5t05.1 12 12 12 9 0.2t0 10.1 12
23418 -13+£13 72.6+2.6 28.3+£3.2 42434
Snowpack 2018 -5.1t0 1.7 44.61077.5 6.51t033.8
0.5t0 19.6 49 38 38 36 0.6t019.9 49
50+39 -1.1+1.2 63.5+84 23.8+6.0 71447
Glacial Meltwater 2017 54 5 t021.9 2.7t029 -0.2t0 -0.1 3.1t03.3 B
’ ' 3 3 3 3 3
215404 2.8+0.1 -0.2+0.1 3.2+0.1
Glacial Meltwater 2018 8.7 10 22.0 1.0to 2.5 3.0t0 5.8 2.7t04.6 0t010.7
' ' 5 5 5 5 ' 5
17.8 453 1.8+0.7 4114 3.6+0.9 55454
RG Meltwater 2017 337 to 64.0 -1.7t0 0.4 741t011.7 36t05.5 010 0.7
' ' 4 4 4 4 ' 4
488+ 165 -0.6x1.2 9.6+2.4 4.6+0.9 03403
RG Meltwater 2018 26.7 t0 77.5 -1.3t09.3 421093 1.9 t0 4.8 0to 1.6
' ' 9 8 8 9 ' 9
4394197 0.943.5 7.1+1.8 35+1.0 0.5+06
Surface Water 2017 12.9t0 15.2 -0.2t00.3 12.0 to 14.0 59t07.3 0.1to12
' ' 5 5 5 4 ' ' 5
14.4+1.1 0.0+0.3 13.1£1.0 6.5+£0.7 0.5+0.5
Surface Water 2018 1.1t0 3.5 2.1t07.2 14t05.3
2to 16. 2.
3210165, 12 12 jp Ow20 12
91453 2.1+0.9 33+£3.6 29+1.2 08+05

Table S2: Range and mean =+ standard deviation for each isotope (5'°Nnos, 8'¥Onos, A"Ono3)
and nutrient concentration (NO3 and NH4"), where n = number of samples analyzed. Samples

were collected during the summers of 2017-2018 in the Green Lakes Valley.
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Study Watershed Sample Type 3" Nno3(%0) 30N03(%0)  AOn03 (%0)

Campbell et al., 2002  Loch Vale Rain -4 to 1%o 40 to 65%o -
Snowpack 0 to 4%o 50 to 70%o -
*Snowmelt 0.5%o 40%o -
Stream Water -1 to 2%o 10 to 25%o -
*Talus Spring -3.8to 1.5%o 10 to 27%o -

Nanus et al., 2008 Loch Vale Rain -3.5%o0 71%o0 -
Surface Water 0.5 to 4.6%0 9 to 14%o -

Nanus et al., 2018 Snowpack -3.3 t0 6.5%0 75 to 82%o -
Rain -7.6 t0 5.5%o 66 to 83%o -
(seasons combined)

Clow et al., 2015 RMNP Rain -4 to -1%o 66 to 72%o -

(e.g., Loch Vale) Snowpack -1 to 2%o 43 to 77%o -
Hafich, 2014 Green Lakes Rain -7.5 to -1%o 68 to 75%o 22 t0 27%o
Valley Snowpack -1 to 3%o - 22 to 32%eo

*Snowmelt -3 to 4.8%o 65 to 75%o 19 to 30%o
Rock Glacier -3 to 2.8%o 15 to 18%o 4 to 8%o
Glacier Meltwater -3 to 2%o 1 to 45%o 2.5 to 18%o
Stream Water -2 t0 4.8%o 0 to 20%o 0.5 t0 9.5%0
*QGroundwater 2.5 t0 4.5%o -6 to -1%eo 1 to 2.5%o
*Soil Water -2 t0 10.5%o -3 to 22%eo 0.5 to 16%o
*Subtalus Water -3.5 to 4%o 0 to 25%o 3.5to 15%o
*Snowfield -3 to 1.5%o 25%0 7 to 12%o

Table S3: Previous isotopic studies in Loch Vale (LVWS) and Green Lakes Valley (GLV)
characterizing 3"’ Nnos, 8'8Onos, A'’Onos3) for a variety of sample types. Sample types with an *
were not sampled in the current study.
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Wynn et al., 2007 3'5Nno3 380no3  AOno3
Midtre Lovenbreen Glacial, Svaldbard (%0) (%0) (%o0)
Supraglacial streams

2003 (n=6) -7.8+2.2 63.1+3.8 -
Subglacial runoff, phase 1

2002 (n=1) 2.3 - -
2003 (n=4) 4.0+£5.5 - -
Subglacial runoff phase 2

2002 (n=4) -4.5+1.3 - -
2003 (n=4) 5.551.1 20.3%6.1 -
This study 3" Nno3 30nos3 AOnos3
Loch Vale and Green Lakes Valley, CO (%0) (%0) (%0)
Glacial Ice (Loch Vale)

2017 (n=5,5,5,4) 1.6£3.1 53.0+£35.6  23.8+12.0
2018 (n=9,9,14,9) 5.0£0.6 63.6£29 21.3+7.0
Lateral glacial stream (Loch Vale)

2018 (n=3, *n=1) -0.5+0.4 37.9+0.8 17.3+0.6
Glacial meltwater (Loch Vale)

2017 (n=5,5,4) 1.7£1.0 9.0+£2.6 5.0+£0.7
2018 (n=6,6,6,4) 02+06 27.5+£59 128+3.7
Glacial meltwater (Green Lakes Valley)

2017 (n=3,3,3) 2.8+0.1 -0.2+0.1 3.240.1
2018 (n=15,5,5,3) 1.8+0.7 4114 3.6%£09

Table S4: Comparison of glacial isotopic composition of nitrate (5'’°Nnos, 8'®Onos, A"Ono3) in
this study with Wynn et al., 2007. Mean +standard deviation are reported for each sample type
by year and study system.

Year Early Summer Late Summer Sample Type

2017 14.4 uM (23.9%) - Surface Water
34.6 uM (19.6%) 63.1 uM (13.9%) Rock Glacier

2018 13.4 uM (17.4%) 7.8 uM (8.6%) Surface Water
349 uM (13.4 %) 67.3 uM (14.2%) Rock Glacier

Table S5: Average NO; pmoles L' (uM) and percent atmospheric nitrate (%) for Green Lakes
Valley high elevation lakes and rock glacier inflows organized by early and late summer in
2017-2018.
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Abstract

Pyrolysis is a viable option for the production of renewable energy and agricultural resources
from diverted organic waste streams. This high temperature thermochemical process yields
material with beneficial reuses, including bio-oil and biochar. Gaseous forms of carbon (C) and
nitrogen (N) are also emitted during pyrolysis. The effluent mass emission rates from pyrolysis
are not well characterized, thus limiting proper evaluation of the environmental benefits or costs
of pyrolysis products. We present the first comprehensive suite of C and N mass emission rate
measurements of a biomass pyrolysis process that uses chicken manure as the feedstock to
produce biochar and bio-oil. Two chicken manure fast pyrolysis experiments were conducted at
controlled temperature ranges of 450 - 485 °C and 550 - 585 °C. Mass emission rates of nitrous
oxide (N20), nitric oxide (NO), carbon monoxide (CO), carbon dioxide (COz), methane (CHa)
and ammonia (NH3) were measured using trace gas analyzers. Based on the system mass
balance, 23-25% of the total mass of the manure feedstock was emitted as gas, while 52-55% and
23% were converted to bio-oil and biochar, respectively. CO> and NH3 were the dominant
gaseous species by mass, accounting for 58 - 65% of total C mass emitted and 99% of total N
mass emitted, respectively. Temperature variations within the two set of temperature ranges had
a perfunctory effect on bio-oil production and gaseous emissions, but the higher temperature
range process produced more bio-oil and slightly less emissions. However, a larger effect on the
relative amounts of CO and CO; produced were observed between the different temperature
regimes. These results have important implications for greenhouse gas and reactive nitrogen life

cycle assessments of biochar and bio-oil.
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1. Introduction

Biochar is a by-product of pyrolysis (anaerobic) or gasification (aerobic) thermal
decomposition processes of organic matter. While pyrolysis and gasification technologies have
been in use for decades, these processes have received greater attention in recent decades as bio-
oil and/or syngas could be used as a renewable biofuel alternative to fossil fuels and biochar soil
amendments could reduce the negative consequences of fertilizer for air quality, climate change
and aquatic and terrestrial acidification.!? Biochar has revealed promise in promoting carbon (C)
sequestration,® minimizing greenhouse gas emissions,%’ increasing soil fertility® and crop
productivity,®® increasing water availability in drought-prone conditions,’ increasing
bioavailability of adsorbed ammonia'® and preventing nutrient leaching.!! In addition, biochar
products minimize volume and mass of the original feedstock,!? reducing transportation costs of
organic waste resources.

Biochar has been produced from many organic feedstocks, including grasses, woody
biomass and manures.*!%!3 Manure-based biochar use could mitigate greenhouse gas emissions
and reactive nitrogen (Nr) pollution to air and water from concentrated animal feeding
operations.'* Fast pyrolysis of organic feedstocks for biochar produces bioenergy resources (i.e.
bio-oil) that can displace a portion of fossil fuel-based energy, and biochar as a co-product. '3

While evidence for pyrolysis product benefits for agriculture and renewable energy is
mounting, a key uncertainty remains in the assessment of their biogeochemical life cycle
impacts. The magnitude and forms of mass emission rates during pyrolysis of organic feedstocks
to produce bio-renewable products are not well quantified. Carbon gases emitted during
pyrolysis include major greenhouse gases: carbon dioxide (CO.), methane (CH4), and air

pollutant carbon monoxide (CO). Nitrogen gases emitted during pyrolysis include non-reactive
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dinitrogen (N2), as well as several forms of Nr such as ammonia (NH3), nitrous oxide (N2O), and
nitrogen oxides (NOx). Reactive forms of N have cascading impacts on environmental systems
and human health.>'® Therefore, it is critical to understand the potential unintended losses of C
and N during the production of biochar and bio-oil in order to assess the net benefits of its utility
for mitigating climate change and/or reactive N pollution, particularly from high N-content feeds
such as chicken manure.!” In this study, we measure total C and Nr mass emission rates during
fast pyrolysis of chicken manure to quantify and characterize the dominant N and C species
emitted during the pyrolysis process. Experiments were conducted at two temperature ranges
(450 — 485 °C and 550 — 585 °C) to determine the effect of temperature as a proximal control on
mass emission rates. This work constitutes some of the first C and Nr mass emission rates during
the pyrolysis of chicken manure to produce bio-oil and biochar, which can be compared with
future experiments under different conditions. These measurements provide a foundation for
future C and N life cycle analyses, which can address applicability of this technology at large

and small scales and analyze the cost benefit of reducing manure in pollution hotspots.

2. Experimental (Materials and Methods)
2.1 Experimental design

Effluent gas fluxes of reactive N species (NO and NH3), greenhouse gases (N.O, CH4 and
CO»), and carbon monoxide (CO) were measured during the pyrolysis of chicken manure.
Chicken manure was collected from conventional broiler poultry production houses raising the
Cobb chicken breed with unlimited grain feed rations according to standard industry practices
(Frye Poultry, West Virginia). Manure consisted of fresh scrapings of house floors and included

chicken manure and sawdust.'® All manure was dried, sieved and homogenized to 2 mm grain
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size for pyrolysis efficiency'? (see sections: Exp 1: Low Temperature (450 - 485 °C and Exp 2:
High Temperature (545 — 585 °C) for more details). Small particles are needed for rapid heat
transfer to the entire biomass material for fast pyrolysis.!

Manure was pyrolyzed using USDA’s bubbling fluidized bed pyrolysis development unit
(PDU) located at the Eastern Regional Research Center (Wyndmoor, PA). The reactor bed
consisted of a 7.6 cm diameter pipe filled to static bed depth of 20 cm sand, heated electrically to
the temperatures mentioned above. Manure was fed by an auger directly into a bubbling sand bed
fluidized with nitrogen. The entrained pyrolysis solids and vapors travel to a cyclone separator
where the biochar is removed from the vapor stream and collected. The vapors continue onto a
train of four chilled condensers in series to remove condensable vapors followed by two
electrostatic precipitators used for capturing aerosols. This pyrolyzer is capable of producing bio-
oil under variable temperature conditions, with the additional co-products of this process
including biochar and non-condensable gas (NCG). A detailed description of the bench-scale
pyrolysis instrument used, evidence of fast pyrolysis efficiency using 2 mm grain size and
controls on exhaust flow rate is available in Boateng et al. 2007.'3

Two experiments were conducted starting with a fully cleaned pyrolyzer. Experimental
conditions for each run are provided in Table 1. Temperature was set at 450 — 485 °C (low temp,
exp 1) and at 550 — 585 °C (high temp, exp 2) and constraints were placed on feed rate, N>
dilution and flow rate. A TGA study shows that chicken manure experiences maximum loss at
similar temperatures to most lignocellulosic biomass.?’ It has also been well established that
temperatures between 450 °C and 600 °C maximize bio-oil production for biomass,'® and the

temperatures chosen provide two regimes within this range to evaluate emissions associated with
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fast pyrolysis of chicken manure. However, future work should consider testing the effect of

other temperature ranges, as well as repeatability on gas effluent during this process.

Experimental Constraints Exp 1 Exp 2
Temp Range (°C) 450-485 546-588
Run Time (minutes) 110 159
Average Feed Rate (kg/h) 2.78 2.11
Average N> Dilution (L/min) 80 93
Manure Moisture (%) 27.21 27.51
Product Masses Post Pyrolysis Exp 1 Exp 2
Biochar (kg) 0.825 1.14
Bio-oil (kg) 0.378 0.838
Gas (kg) 0.711 1.10
Biochar (% composition by mass) 23.3 23.2
Bio-oil (% composition by mass) 51.9 54.6
Gas (% composition by mass) 25.0 23.3

Table 1: Experimental conditions, product masses and percent composition by mass from
pyrolysis of chicken manure.
2.2 Gas Measurements

Trace gas concentration measurements were performed using an open-path quantum
cascade laser for NHs ! cavity ring-down spectroscopy for CHs and CO; (Picarro, Model
G2301), ICOS (integrated cavity output spectroscopy) for CO and N>O (Los Gatos Research,
Model 907-0014); and chemiluminescence for NO and NOx (ThermoFisher Scientific, Model 421
analyzer). The NH; sensor provides 0.1 sec resolution concentration measurements and retrievals
were calibrated before and after experiments from 10 ppbv (ambient NH3) to 9 ppmv NHj3 to
within 0.20 ppbv + 20% using methods described in Miller et al. (2014).2! Linear calibration
curve fitting was applied up to 2 ppmv and logarithmic fitting from 2-9 ppmv NH3. Above 9
ppmv NH3, concentrations were estimated using offline spectral fitting of direct absorption

spectra up to a maximum of 12 ppmv NHj3 (assuming non-linear absorption with concentration in
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this range as optical saturation limits were approached).?! CHs, N>,O and CO were measured at 1
sec and COz at 5 sec resolution. The precision of these measurements is discussed in section
Mass Balance and Gas Flux Uncertainties. The NOx Analyzer was used for 8 sec resolution NO
and NOx measurements and were calibrated to within £ 5% accuracy using a dilution calibrator
(ThermoFisher Scientific, Model 1461): using 50.2 ppmv NO in N> and 10 ppmv NO> in N gas
standards diluted with zero air (ThermoFisher Scientific, Model 111) over a range from 0-500
ppbv NOy. All data was recorded in real-time by a laptop computer.

All gases were captured within a static flux chamber designed to enclose the NH3 sensor
and a three-stage measurement process (2-3 minutes per stage) was conducted as follows: (1)
NH3; desorption flux from the chamber surface was monitored before introducing the flux to the
chamber, (2) fluxes for all gaseous species were measured, and (3) NH3 adsorption onto the
chamber walls was monitored while flux to the chamber stopped. A slipstream of gas exhaust
(typical slipstream flow rate was ~150 mL min'!) was piped from the pyrolyzer to a 6.5 L static
flux chamber using one PTFE Teflon tubing (1/8 ID x 1/4” OD) where all gases could be
measured simultaneously at the same inlet. Two PTFE particle filters (1.0 micron, 47 mm) were
used to remove particulate matter from the exhaust slipstream prior to entering the chamber. The
total exhaust flow rates were 80 or 93 L min™! during experiments one and two, respectively. The
flow rate was increased for the second experiment in an effort to dilute the analyte gases
(particularly NH3) to provide a better concentration range for the NH3 laser. Both flow rates
provided residence times appropriate for fast pyrolysis and were not expected to have a
significant effect on the chemical reactions (although examining the impact of flow rate
variability on gas fluxes could be considered in future research). During the flux measurements,

a microcontroller unit (Arduino Uno) recorded temperature, pressure and relative humidity

185



simultaneously within the flux chamber with a digital relative humidity and temperature sensor
(HYT 271, IST Innovative Sensor Technology, accuracy £1.8% RH and £ 0.2 C) as well as a
digital pressure sensor (MS5803-01BA, Measurement Specialties Inc., accuracy * 0.5 hPa).
Exhaust temperature ranged from 23.7 - 29.3 °C, pressure was steady at 999.48 = 1 hPa and

relative humidity ranged from 25 — 59%.

2.3 Exp 1: Low Temperature (450 - 485 °C)

The first batch of manure was sieved and homogenized to 2 mm grain size using a seven-
bladed Wiley Mill (Thomas Scientific, Model 4, Swedesboro, NJ). All manure was sealed and
stored at room temperature until pyrolysis measurements could take place (< 1 month since
collection). Storage times were kept to a minimum to reduce potential ammonia volatilization
and changes in N content. Manure was kept tightly sealed and stored in buckets lined with
compostable bags. There were no obvious signs of decomposition during storage. After the
fluidized bed was heated to 450 — 485 °C, manure was incorporated into the feedstock funnel at a
constant rate and the primary gas stream was diluted with N> (Table 1). Over 110 minutes, 10
flux measurements (6 — 8 minutes per chamber measurement) were taken of all 6 gaseous
species. The first 3 measurements reflect background levels prior to any chicken manure

feedstock addition, which occurred at around 40 minutes.

2.4 Exp 2: High Temperature (545 — 585 °C)
The second batch of manure was oven-dried at 60 °C overnight and then homogenized
using the Wiley Mill to 2 mm grain size to produce a drier feedstock. A drier manure is less

likely to slow pyrolysis reactions and will make the process more efficient. Fluidized bed
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temperatures were set from 550 — 585 °C using drier manure to conduct mass emission rate
measurements under a steady feed rate and N> dilution (Table 1). Over 159 minutes, 18 flux
measurements were (6 - 8 minutes per chamber measurement) were taken of all 6 gaseous
species with the first 4 measurements reflecting background levels before the addition of
feedstock at around 40 minutes.

Subsamples of manure, biochar and bio-oil were weighed, oven-dried at 60 °C overnight
and reweighed to calculate the moisture content for each experiment. These samples were
analyzed for percent total organic C and total N using Elemental Analysis (Thermo EA1112
CHNS/O Analyzer), which were used for mass balance calculations. The uncertainties of C and
N content estimates from elemental analysis were quantified by the standard deviation (10)
between multiple replicate samples for each pyrolysis co-product as well as the original biomass

for each experimental batch with mean %C or %N * 1o reported in Table S1.

2.5 Mass Balance Approach
Exhaust losses were also calculated using a mass balance approach. With known initial
masses of manure and final masses of biochar and bio-oil, initial and final masses of C and N

were calculated using the following equations:

P
I ¢mass = 1 dry manure ( %C:Z;;nure) (D

— Py biochar
FCMass =F biochar mass *( 100 )a (2)

where Ic amass 1s the initial manure C mass, liy manure 18 the initial mass of manure prior to
pyrolysis, Poc manure 18 the %C of manure, Fc auss 1S the final biochar C mass, Fpiochar mass 18 the
final mass of biochar post pyrolysis and Pyc siochar 15 %C of the biochar. These were used to

calculate losses (from the system) in total C mass (3) and total N mass (4). Total mass lost is the
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gas estimated from the difference in N> input — N> output from the GC used at the USDA
facility, while C and N mass loss are calculated by difference from that contained in the bio-oil
and biochar.

Total C Mass Lost = Initial Manure C — Final Biochar C — Final Bio-oil C 3)
Total N Mass Lost = Initial Manure N — Final Biochar N — Final Bio-oil Mass 4)
Uncertainty in mass loss differences was calculated using error propagation for mass balance
using equation (5), where da, db and dc is the uncertainty associated with C or N for manure,

biochar and bio-oil, respectively and results are shown in Table S2.

SN or 6C = Vda? + §b% + 5c? ®)

2.6 Effluent Gas Flux Approach

Gas flux measurements were used to calculate total mass emitted for each C and N
species. First, all gas analyzer timestamps were synchronized to the laptop computer time before
recording data. Each flux measurement period was picked out of the time series during rising gas
concentrations. A single gas (NO) was selected to ensure appropriate temporal alignment of the
fluxes for synchronous flux calculations. Least squares linear regression was used to estimate the
slope of each concentration time series and assumed that the slope was constant during the 2 - 3
minutes of each chamber measurement. The mass emission rate of each C and N species in

kilograms N or C per minute (kg min!) was determined using:

E=—xZsmw, (6)
where V was the fixed volume of the flux chamber (6.5 L or 0.0065 m?), P and T were measured
pressure (1 atm) and temperature (25 °C), Z—i was defined as the slope of the regression fit (ppmv

min™") and mw is the molecular weight of the corresponding element (C or N) in g mol..
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The adsorption and desorption flux monitoring was conducted to evaluate how the
surface affinity of NHj3 affected the chamber measurements. For a majority of flux
measurements, within one minute of beginning the flux stage ammonia inside the chamber
reached levels of optical absorption saturation above which concentrations could not be retrieved
and flux corrections could not be performed. However, based on measurements below these
limits, NH; concentrations (>10 ppmv) during flux measurements were higher than the wall
saturation point and adsorption was the dominant process for NH3 losses. For all gases, we
scaled the flux chamber measurements to the total exhaust stream using the ratio of total exhaust
to slipstream flow. During experiment one, the slipstream flow rate was stable at 150 mL min™'.
However, flow was more difficult to stabilize during the second experiment due to issues with
filter clogging in the line, but was typically 309 mL min™'. Periodic flow measurements with a
flow meter (Dry Cal Pro, Mesalabs, Model Defender 520) were linearly interpolated to estimate
flows across the emission measurement period (Table S3). The total emission mass uncertainties
were quantified. Each flux measurement uncertainty was estimated using the root mean squared
error (RMSE) of the regression slope as in Laville et al. (2011)?? (Table S4). The mass emission
rate time series was integrated across the experimental period to obtain total mass (kg N or C) of
each species emitted. The total mass of N and C gases were compared with the mass balance
results to assess differences between both methods of calculating gaseous loss. Uncertainty in
mass loss differences were calculated using the average gas emission rate and the experimental
time duration to characterize total mass emitted (Table S5), at which point mass uncertainty was
calculated by taking into account the instrumental error (8F) to calculate the dM for each gas

measured (Table S5). Total N and C error was propagated using equation (5), where da, db and

Oc were uncertainties associated with each species (Table S5). After propagating the elemental
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error separately by approach (MB vs GF), the total error for C and N between methods was
calculated using the same approach (Table S6). Differences might reveal whether the gases we
measured account for most of the gaseous losses or if our measurements are missing gases such
as organic N, other NOy, particulate ammonium nitrate, hydrocarbons or organic particulates not
removed by precipitators. All data processing was performed using a commercial software

package (MATLAB 8.6, The MathWorks Inc., Natick, MA, R2015b).??

3. Results

Pyrolysis product masses and experimental conditions shown in Table 1 show that
differences between experimental conditions resulted in similar outcomes for the redistribution
of mass by product. As shown in Table 1, the percent composition by dry mass of each product
was 23% (biochar), 25% (gas) and 52% (bio-oil) for experiment 1 and 23% (biochar), 23% (gas)
and 55% (bio-oil) for experiment 2. The manure moisture contents were ~27% in both
experimental batches (Table 1), which suggests that the pre-drying treatment for the second
batch was either ineffective at creating a drier manure or the initial manure moisture was greater
than 27%. While C and N gases were the focus of this study, ash content and other elements
(hydrogen, oxygen and sulfur) were characterized on a dry-basis mass (see supplement Table

S1).

3.1 C & N Emissions by Mass Balance
C and N dry-basis, percent composition of each co-product had lower %C and %N
contents for manure, biochar and bio-oil in experiment one compared to experiment two (Table

S1). Standard deviations for %C and %N were 0.84% or less for all measurements (Table S1).
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Mass balance calculations suggest that 0.71 kg (27.6%) of the total initial manure mass was
emitted as mostly gas during the pyrolysis process, but small amounts of particulate matter,
uncondensed reaction water and uncondensed volatile organics are also emitted. There was a
0.562 kg mass loss as some form of C (51.1% of input C), while there was only a 0.052 kg mass
loss as some form of Nr (52% of input N) (Table 2). Mass balance calculations indicate that
1.104 kg (23.3%) of total mass was lost during pyrolysis in experiment two (Table 2). Of this

total mass, there was a 0.623 kg (36.6%) emission of C and a 0.059 kg (36.2%) emission of N

(Table 2).
Mass Loss Calculations Exp 1 Exp 2

from Mass Balance kg Yo kg Yo
Initial manure mass, dry (kg) | 2.574 - 4.075 -
Initial manure C mass (kg) 1.098 - 1.720 -
Initial manure N mas (kg) 0.099 - 0.165 -
Final biochar mass, dry (kg) 0.825 - 1.140 -
Final biochar C mass (kg) 0274 | 249% | 0486 28.2%
Final biochar N mass (kg) 0017 | 17.1% | 0.035 21.1%
Final bio-oil mass, dry (kg) 0.378 - 0.838 -
Final bio-oil C mass (kg) 0263 | 239% | 0.611 35.5%
Final bio-oil N mass (kg) 0028 | 28.8% | 0071 23.0%
Total mass lost (kg) 0.711 - 1.104 -
Total C mass lost (kg) 0562 | 51.1% | 0.623 36.2%
Total N mass lost (kg) 0.052 | 52.5% | 0.059 35.7%
Total C + N mass lost (kg) 0614 | 51.3% 0.682 36.1%

Table 2: Mass balance calculations illustrating mass losses using biochar, manure and bio-oil
components for experiments 1 and 2.

3.2 C & N Emission by Effluent Gas Flux
During experiment one, produced CO; and NH3 were the highest source of gas emissions
(Tables 3 and S7) for C and N species measured respectively, which equates to 66% of total C

emissions as CO; and ~ 99% of total N as NH3 gaseous emissions measured (Table 3). The next
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prominent emissions were as CO and CH4 for carbon and NO and N>O for nitrogen (Tables 3 and
S7). The total C and N mass emitted during pyrolysis (of what we measured in the gas phase)
was 0.089 kg (Table 3). Of this mass, 0.080 kg was emitted as total C and 0.010 kg was emitted
as total N (Table 3). Carbon species (CO2, CH4 and CO) accounted for 66%, 5.2% and 29% of
the total C emissions (Figure 1; Table 3). Nitrogen species (NO, N>O and NH3) comprised
0.34%, 0.08% and 99% of total N emissions (Figure 1; Table 3). These compositions are further

illustrated by mole percent for entire gas emissions for both C and N (Figure S1, panels a, c).

Gas Total Mass % C or N mass of measured
(kg Cor N) gases
CO,-C 5.2E-02 66
CH,-C 4.2E-03 52
CO-C 2.3E-02 29
NO-N 3.3E-05 0.34
N,O-N 74E-06 0.08
NH;-N 9.7E-03 99
Total N | g 75 03 99.42
Ratio of slipstream: | ¢5) . 1.1 S0mL min' | 566.667
Full flow
C+N mass lost 8.9E-02
Total C mass lost 8.0E-02
Total N mass lost 9.7E-03
Missing C (kg) 4.8E-01
Missing N (kg) 4. 2E-02

Table 3: Total masses of each element by species emitted (e.g C content of CO> emitted) for
experiment 1 over 110 minutes scaled by the ratio of slipstream:full exhaust flow. Gas emissions
were broken down by the percent measured of the total composition using total mass emitted as
kg C or kg N. See Table S4 for experiment 2 results. C+N mass lost is the cumulative gas
emissions.
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Figure 1: Gas flux time series during Low Temp (exp 1) and High Temp (exp 2) of each gas
species in kg C or N/min. N>O is not present in the second experiment because measurements
indicated that fluxes were near zero. Note the change in scales for experiment 2. Feedstock was
introduced at 40 minutes after initial background gas levels were recorded.

Similar patterns were observed in gaseous abundance and composition of the pyrolysis
exhaust during both experiments where CO> and NH3 had the highest emissions (Tables S7 and
4). Using the area of the total mass emitted, the total C and N mass emissions were 0.21 kg
during experiment two (Table 4). Of this mass, 0.20 kg was lost as total C and 0.0078 kg was
lost as total N (Table 4). The relative variations of all gas emission rates were very similar
between experiments and total mass emitted was higher for the longer second experiment (Figure
1; Tables S7, 4). CO2, CH4 and CO accounted for 58%, 5.9% and 36% of the C emissions
measured (Figure S2; Table 4). NoO, NO and NH3 comprised 0%, 0.68% and 99% of total N

emissions measured (Figure S2; Table 4). Elemental composition is represented for both C and N

in mole percent, which further demonstrates that CO2, CO and NH3 are the dominant gaseous
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components for C and N (Figure S1, panels b, d). The concentrations of N>O were near ambient
atmospheric concentrations in the flux chamber during experiment 2, therefore are not currently
incorporated into the emission calculations for the second experiment. The percent differences in
emission rates between the first (lower temperature) and second (higher temperature)
experiments were -7.3% for CO», + 0.65% CH4,and + 6.7% for CO while NO changed by +

0.33% and -0.32% for NHs.

Gas ;’((;tzg 1;:3151; % C or N mass of measured gases

CO,-C 1.2E-01 58

CH4-C 1.2E-02 59

CO-C 7.3E-02 36
Total C 2.0E-01 99 68

NO-N 5.3E-05 0.68

NH;-N 7.8E-03 99
Total N 7.8E-03 99 42

Ratio of slipstream:

93L min': 309 mL min' | 301.113
average full flow

C+N mass lost 2.1E-01
Total C mass lost (kg) 2.0E-01
Total N mass lost (kg) 7.8E-03
Missing C (kg) 4.2E-01
Missing N (kg) 5.2E-02

Table 4: Masses of each element by species emissions (e.g C content for CO») for experiment 2.
The calculated ratio of slipstream:full exhaust flow was used in tandem with the integrated area
of each gaseous element to calculate the total mass emitted during the experimental period by
gas and element. Slipstream flow rate was ~309 mL min"! Gas emissions were broken down by
the percent measured of the total composition using total mass emitted as kg C or kg N. C+N
mass lost is the cumulative gas emissions.

3.3 Mass Balance vs Effluent Gas Flux
The gas flux approach produced estimates of total mass losses, which were a factor of 3-6

(for carbon) and 5-8 (for nitrogen) lower than those calculated from the mass balance approach.
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Mass loss differences/deficits for C+N mass, total C mass and total N mass between the two
methods are as follows: 0.525 (43.8% of total input), 0.482 (43.9%) and 0.042 kg (42.4%) for
low temperature conditions (Figure 2, Table S8) while mass loss differences appear much lower
during high temperature conditions of experiment 2 (0.470 kg or 24.9%, 0.419 or 24.3%, and
0.051 kg or 30.9%) for C+N mass, total C and total N — Figure 2, Table S8). The discrepancies
between each method potentially suggest that the gas flux method underestimates mass loss
compared to the mass balance approach and/or that the mass balance approach is overestimating
the emissions. It is likely that the gas flux measurements are an underestimation possibly due to
concentration measurement uncertainties, slipstream flow stability, particulates or additional C
and N sources unaccounted for by our measurements, particularly with respect to C species, are
discussed in the next section. On the other hand, the mass balance emissions may be
overestimated because organic bio-oil that deposits within the pyrolysis system is unaccounted
for as emissions. This source of error in the mass balance is lower in experiment two likely
because of the large amount of manure run, which makes the percentage amount of bio-oil
deposited on surfaces within the pyrolysis system lower. Although each approach had sources of
error associated with them, the combination of the two approaches provides a range of likely

emissions from chicken manure pyrolysis at these conditions.
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Figure 2: C+N mass, total mass as C and total mass as N differences [% of total dry input; exp 1:
2.574 kg, exp 2: 4.075 kg] between mass balance and gas flux approaches used for each
experiment (1 = magenta, 2 = cyan) discussed in section Mass Balance vs Gas Flux. Errors were
derived from propagation of both mass balance and gas flux approach uncertainties (explained in
section Mass Balance and Gas Flux Uncertainties).
3.4 Mass Balance and Effluent Gas Flux Uncertainties

Regression slope uncertainties are less than 0.2% during both experiments for all species
with the exception of that for NO with 13% median uncertainty for experiment 1 (Table S4).
Since regression slope uncertainties (<0.2%) were generally much lower than concentration
uncertainties (= 1%), linear regression slope fitting does not introduce significant uncertainties
above the concentration uncertainty levels for the majority of our gas measurements (Table S5).
Therefore, we estimate gas flux uncertainties using the concentration uncertainties in Table S5
and average flux values across the experimental period. The error propagation for total N and C
gas emissions results in 2.3E-03 and 1.6E-03 kg N and 6.8E-04 and 1.5E-03 kg C (for

experiments 1 and 2, respectively) uncertainties that cannot account for the 50 - 450 g

discrepancies in mass lost derived from the MB and GF methods (Figure 2). Although the 6 - 16
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g mass balance approach uncertainties (Tables: 2, S2, S6) dominate the error bars in Figure 2,
these errors also cannot account for the mass discrepancies.

We assess the potential for biases due to instability of flow rates and unmeasured C and
N gases/particles to account for these discrepancies, especially for C species. The mean
slipstream varied by 20% (1o) during experiment two (Table S3) and could cause
underestimation of gas emissions. Altering the gas flow within this uncertainty could make up an
estimated missing C mass (~0.05 kg), but not all of it (~0.36 kg would still be missing). A major
source of over-estimation in the mass balance approach for both C and N is bio-oil that
condenses in the piping of the pyrolysis system and is therefore not recovered in the collection
vessel. Additional sources of error could be C loss as non-condensable particulates we are not
incorporating in our calculations or other organic C gases not measured during this study (e.g.
ethylene and other light hydrocarbon gases). For N gases, NH3; emissions are likely
underestimated due to adsorption/surface reaction losses. Although the chamber walls provided a
sink for NH3, the dominant adsorption flux losses in our system were associated with the
slipstream tubing/filters at ambient temperature and relative humidity before entering the flux

chamber.

4. Discussion

Production conditions and biomass feedstock are important considerations when
assessing the overall potential benefits of biochar for soil quality improvements, pyrolysis co-
product yield, biomass management and environmental impact. Using fast pyrolysis, our results
suggest that both experimental temperature regimes resulted in similar (~ 23%) biochar yields,

while a slightly greater proportion of C and N gas production occurred under low temperatures
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(~ 25%) and slightly higher yields in bio-oil occurred at high temperatures (~ 55%) (Table 1,
Figures S3, S4). This observation is opposite of what is normally observed under varied
temperature conditions in pyrolysis studies, although the differences are very small. Other
studies have found larger differences in biochar yield and nutrient properties over larger
temperature ranges (300 °C and 600 °C), which also vary by biochar material.'*!*> The flux
measurements presented here will enable progress on constraining optimal pyrolysis conditions
while optimizing bio-oil and biochar yield and minimizing noxious gas emissions during
manufacturing. Moreover, the release of gases implicated in climate forcing and air quality
degradation are important considerations in a life cycle net cost benefit analysis and assessment
of the economic feasibility of biochar production from manure.

Technologies that convert poultry manure into bioenergy and soil amendments have the
potential to improve the environmental sustainability of poultry waste management from
operations at small- and large-scales.?* Poultry production is the fastest growing livestock sector
globally.? Its intensification poses increasing challenges for best treatment and use of manure
nutrients. This work has direct implications for future life cycle assessments that can compare
net benefits and tradeoffs of manure management practices in hotspots of concentrated chicken
manure production, such as the Chesapeake Bay Watershed. Additionally, this work will provide
beneficial information to aide in structuring future poultry waste management strategies, such as
large-scale biochar production, which will become more important as global poultry production
continues to rise. As of 2016, poultry production comprised 115.8 million tons of the 320 million
tons of global meat produced annually.?¢

Of the gaseous components measured, NHs, CO; and CO comprised the largest emissions

during each experiment. NH3 made up ~ 99% of the gaseous Nr emissions (by mass) for both
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experiments, while NO and N>O contributed to less than 5% (Figures S2; Tables 3, 4). At the
lower temperature, CO> comprised 66% of the total C gaseous content, while CO was 29%
(Table 3). These percentages were likely observed due to reducing, anaerobic conditions or
possibly hydrocarbon exchange. However, at the higher temperature CO» emissions dropped to
58% and CO increased to 36% of total C (Table 4). Interestingly, varying temperature conditions
seemed to have an effect on the composition of CO> and CO present (Tables: 3, 4). Since
pyrolysis is an anaerobic process, the presence of oxidized nitrogen species, such as NO, is
somewhat surprising, but perhaps is a function of high moisture, mineral content or reaction with
organic oxygen contained in the manure.

Manure wastes have high ammonium content, thus NH3 volatilization was expected to
occur, especially under high heat conditions and is a likely explanation for the abundance of NH3
measured in total N yield as has been suggested in other work.!” This result suggests that the
process of producing biochar via pyrolysis could emit a substantial amount of NH3 if manure
wastes are utilized as the feedstock and gaseous emissions are not contained or reused, such as in
gasification systems. High NH3 emissions during pyrolysis may also offset potential reactive N
mitigation effects of transitioning from raw manure to manure-derived biochar agricultural soil
amendments.

In an effort to address the significance of these measurements, conservatively scaling up
these NH3 pyrolysis emissions to an annual production estimate, our gas flux measurements
suggest that 1.4 x 10 to 2.7 x 10 kg NH3—N would be produced from pyrolysis of one kg of
manure (Table S9). Within the Chesapeake Bay Watershed, an estimated 8.64 million kg of
excess manure is applied in the region to agricultural soils every year.'* According to the

measurements conducted in this study, if this excess manure was turned into biochar via
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pyrolysis prior to land application, as much as 1.2 x 107 kg of NH3 could be emitted into the air
every year increasing the potential impact of atmospheric N deposition without a mechanism to
capture the gas exhaust. However, this is potentially a better option than NHj3 volatilization from
chicken manure applications onto agricultural land, which can be as high as 20 - 60% of the total
N applied and vary with environmental conditions, such as temperature.?” Compared with
pyrolysis, emissions for chicken manure applications can be up to an order of magnitude higher
ranging from 3.4 x 107 — 1.0 x 108kg NH3-N yr!. Within the context of the Chesapeake Bay
Watershed and similar regions challenged with the management of concentrated livestock
wastes, pyrolysis could minimize water pollution with reduced runoff and improve air quality.
However, without a mechanism for capturing or recycling the exhaust the pyrolysis process
would still emit 12 —35% (Table S9) of what would naturally volatize from land applications of
manure. Given this information, it may be more practical to implement a pollution control
system on a pyrolysis plant than attempting to control emissions in agricultural fields.

While many studies have tested the utility of wood-based feedstocks for biochar
production, recent attention has been focused on the benefits of biochar produced by manures,
agricultural wastes and crop biomass, which can be plentiful in the environment and challenging
to dispose of properly. Biochar made from chicken manure has been found to enhance N,
potassium and phosphorus availability in soils,?®2° but may also contribute to reactive N losses to
the environment when used as a soil amendment. Field experiments have also shown that crop
yields increase and greenhouse gas emissions of species such as N>O decrease when poultry char
is applied to cornfields in sandy and silty-loam agricultural plots.® Additionally, biochar products
minimize volume and mass of the original feedstock,'? which reduces transportation costs

allowing for the transport of nutrients within and across watersheds. Enhanced capacity for
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transportation would alleviate N pollution hotspots.'* Further investigations into life cycle cost-

benefit analyses'>-303!

would allow for estimating regional scale impacts of each of these factors,
including production, transportation and utilization in agricultural settings, to assess its realistic

applicability and role in mitigating air quality and climate impacts, nutrient leaching and

promoting C sequestration.

5. Acknowledgements

This work was made possible by funding provided by the Institute at Brown for Environment
and Society (IBES) Seed Grant Program (to MGH and RR) and the Rathmann Family
Foundation (to RR). Special thanks to all assistance and support provided by: the United States
Department of Agriculture Sustainable Biofuels and Co-Products Division at the Eastern
Regional Research Center, Mark Schaffer, Tom Coleman, Craig Einfeldt, Frye Poultry, the Tang
Lab at the Marine Biological Laboratory, Elizabeth de la Reguera, Lei Tao, Los Gatos Research,
Joseph Orchardo, Dave Murray, Ruby Ho and Paul Wotjal. We also thank three anonymous

reviewers for constructive feedback on the manuscript.

201



6. References

(1) IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of Intergovernmental Panel on Climate Change [Stocker,
T.F.; Qin, D.; Plattner, G.K.; Tignor, M.; Allen, S.K.; Boschung, J.; Nauels, A.; Xia, Y.; Bex, V.;
Midgley, P.M. (eds)]. Cambridge University Press, Cambridg, United Kingdom and New York,
NY, USA, 1535 pp, DOI: 10.1017/CB0O9781107415324.

(2) Fowler, D.; Coyle, M.; Skiba, U.; Sutton, M.A.; Cape, J.N.; Reis, S.; Sheppard, L.J.; Jenkins,
A.; Grizzetti, B.; Galloway, J.N.; Vitousek, P.; Leach, A.; Bouwman, A.F.; Butterbach-Bahl, K.;
Dentener, F.; Stevenson, D.; Amann, M.; Voss, M. The global nitrogen cycle in the twenty-first
century. Phil. Trans. R. Soc. B. 2013. 368: 20130164. DOI: 10.1098/rstb.2013.0164.

(3) Nguyen, B.; Koide, R.T.; Dell, C.; Drohan, P.; Skinner, H.; Adler, P.R.; Nord, A. Turn-over
of soil carbon following addition of switchgrass-derived biochar to four soils. Soil Sci. Soc.
Amer. Jour. 2014. DOI: 10.2136/sss2j2013.07.0258.

(4) Hansen, V.; Muller-Stover, D.; Ahrenfeldt, J.; Holm, J.K.; Henriksen, U.B.; Hauggaard
Nielsen, H. Gasificiation biochar as a valuable by-product for carbon sequestration and soil
amendment. Biomass Bioenergy. 2015. 72: 300-308. DOI: 10.1016/j.biombioe.2014.10.13.

(5) Crombie, K.; Masek, O. Pyrolysis biochar systems, balance between bioenergy and

carbon sequestration. Glob. Chan. Biol. Bioener. 2015, 7: 349-361. DOI:

10.1111/gcbb.12137.

(6) Ryals, R.A.; Tang, J.; Hastings, M.G.; King, D.; Castner, E.; Teller, A.; Clark, M.; Porder S.;
Almaraz, M.; Dell, C.; Sim, T. Can biochar reduce nitrogen pollution from manure? Assessing
biochar’s biogeochemical fate and policy opportunities. Ecol. Soc. Amer. 2015 Conference Talk.

(7) Zhang, Y.; Lin, F.; Wang, X.; Zou, J.; Liu, S. Annual accounting of net greenhouse gas

202



balance response to biochar addition in a coastal saline bioenergy cropping system in China. Soi/
and Tillage Res. 2016. 158: 39-48. DOI:10.1016/j.still.2015.11.006.

(8) Pandey, V.; Patel, A.; Patra, D.D. Biochar ameliorates crop productivity, soil fertility,
essential oil yield and aroma profiling in basin (Ocimum basilicum L.). Ecol. Eng.. 2016. 90:
361-366. DOI: 10.1016/j.ecoleng.2016.01.020.

(9) Koide, R.T.; Nguyen, B.T.; Skinner, R.H.; Dell, C.J.; Peoples, M.S.; Adler, P.R.; Drohan,
P.J. Biochar amendment of soil improves resilience to climate change. Glob. Chan. Biol.
Bioener. 2015. 7: 1048-1091. DOI: 10.1111/gcbb.12191.

(10) Taghizadeh-Toosi, A.; Clough, T.J.; Sherlock, R.R.; Condron, L.M. Biochar adsorbed
ammonia is bioavailable. Plant Soil. 2012. 350: 57-69. DOI: 10.1007/s11104-011-0870-3.

(11) Troy, S.M.; Lawlor, P.G.; O’Flynn, C.J.; Healy, M.G. The impact of biochar addition on
nutrient leaching and soil properties from tillage soil amended with pig manure. Water, Air, &
Soil Pollution. 2014. 225:1900. DOI: 10.1007/11270-014-1900-6.

(12) Lima, [.M.; Boateng, A.A.; Klasson, T.K. Pyrolysis of broiler manure: char and product gas
characterization. Ind. Eng. Chem. Res. 2009. 48: 1292-1297.

(13) Boateng, A.A.; Daugaard, D.E.; Goldberg, N.M.; Hicks, K.B. Bench-scale fluidized bed
pyrolysis of switchgrass for bio-oil production. Ind. Eng. Chem. Res. 2007. 46: 1891- 1897.
DOI: 10.1021/ie0614529.

(14) Kleinman, P.; Saack Blunk, K.; Bryant, R.; Saporito, L.; Beegle, D.; Czymmek, K.;
Ketterings, Q.; Sims, T.; Shortle, J.; McGrath, J.; Coale, F.; Dubin, M.; Dostie, D.; Maguire, R.;
Meinen, R.; Allen, A.; O’Neill, K.; Garber, L.; Davis, M.; Clark, B.; Sellner, K.; Smith, M.
Managing manure for sustainable livestock production in the Chesapeake Bay Watershed. Jour.

Soil & Water Conserv. 2012. 67(2): 54A-61A. DOI: 10.2489/jswc.67.2.54A.

203



(15) Pourhashem, G.; Spatari, S.; Boateng, A.A.; McAloon, A.J.; Mullen, C.A. Life cycle
environmental and economic tradeoffs of using fast pyrolysis products for power generation.
Energy and Fuels. 2013. 27: 2578-2587. DOI: 10.1021/ef3016206.

(16) Galloway, J.N.; Aber, J.D.; Willem Erisman, J.; Seitzinger, S.P.; Howarth, R.-W.; Cowling,
E.B.; Cosby, J.B. Bioscience. 2003. 53 (4): 341-356. DOI: 10.1641/0006-
3568(2003)053[0341:TNC]2.0CO;2

(17) Zhou, J.; Masutani, M.; Ishimura, D.M.; Turn, S.Q.; Kinoshita, C.M. Release of fuel-bound
nitrogen during biomass gasification. Ind. Eng. Chem. Res. 2000. 39 (3): 626-634. DOI:
10.1021/1e9803180.

(18) Frye, J. 2017. Personal communication.

(19) Huber, G.W_; Iborra, S.; Corma, A. Synthesis of transportation fuels from biomass:
chemistry, catalysts, and engineering. Chem. Rev. 2006. 106: 4044-4098.

(20) Coti, R.; Fabbri, D.; Vassura, 1.; Ferroni, L. Comparison of chemical and physical indices of
thermal stability of biochars from different biomass by analytical pyrolysis and
thermogravimetry. J. Analyt. App. Pyrol. 2016. 122: 160-168.

(21) Miller, D.J.; Sun, K.; Tao, L.; Khan, M.A.; Zondlo, M.A. Open-path, quantum cascade-
laser-based sensor for high resolution atmospheric ammonia measurements. Atmos. Meas. Tech.
2014. 7: 81-93. DOI: 10.5194/amt-7-81-2014.

(22) Laville, P.; Lehuger, S.; Loubet, B.; Chaumartin, F.; Cellier, P. Effect of management,
climate and soil conditions on N20 and NO emissions from an arable crop rotation using high
temporal resolution measurements. Agric. & For. Meteorol. 2011. 151: 228-240.

(23) MATLAB 8.6, The MathWorks Inc., Natick, MA, R2015b.

204



(24) Williams, C.M. Poultry waste management in developing countries. FAO: Poultry
Development Review. 2013. http://www.fao.org/docrep/019/i3531e/i13531e05.pdf.

(25) FAO. Forward. Poultry Development Review. 2013. http://www.fao.org/

docrep/019/13531e/13531e01.pdf.

(26) FAO. Food outlook: biannual report on global food markets. October 2016.
http://www.fao.org/3/a-16198e.pdf

(27) Pote, D.H.; and Meisinger, J.J. Effect of poultry litter application method on ammonia
volatilization from a conservation tillage system. Jour. Soil. Water Conser. 2014. 69: 1. DOL:
10.2489/jswc.69.1.17.

(28) Chan, K.Y.; Van Zwieten, L.; Meszaros, 1.; Downie, A.; Joseph, S. Using poultry litter
biochars as soil amendments. Aust. Jour. Soil Res. 2008, 46, 437-444. DOI:10.1071/SR08036.
(29) Ro, K. S.; Cantrell, K. B.; Hunt, P.G. High-temperature pyrolysis of blended animal
manures for producing renewable energy and value-added biochar. Ind. Eng. Chem. Res. 2010.
49, 10125-10131. DOI:10.1021/ie101155m.

(30) Delonge, M.S.; Ryals, R.A.; Silver, W.L. A lifecycle model to evaluate carbon sequestration
potential and greenhouse gas dynamics of managed grasslands. Ecosystems. 2013. 16: 962-979.
DOI: 10.1007/s10021-013-9660-5.

(31) Wu, H.; Hanna, M.A.; Jones, D. D. Life cycle assessment of greenhouse gas emissions of
feedlot manure management practices: Land application versus gasification. Biomass Bioenergy.

2013. 54: 260-266. DOI: 10.1016/j.biombioe.2013.04.011.

205



7. Supplement to: Effluent gas flux characterization during pyrolysis of chicken manure

Contains: Nine supplementary tables and four supplementary figures.

Experiment 1 Experiment 2
Element Bio-oil Biochar Manure Bio-oil Biochar Manure

Mean + 1o Mean + 1o Mean + 1o Mean + 1o Mean + 16 | Mean £ 1o
Nitrogen (wt%, db) 7.616£0.001 | 2.117+£0.022 3.83 £0.245 8.428 £0.001 | 3.063+0.058 | 4.05+0.186
Carbon (wt%, db) 69.75 £0.005 33.21 £0.844 42.68 +£0.552 72.94 £0.005 |42.61 £0.254 | 42.21 £0.253
Hydrogen (Wt%, db) | 2.740+0.003 | 1.995+0.153 4.679 £0.277 3.144 £0.003 | 2.099 £0.079 | 4.729 £ 0.052
Sulfur (wt%, db) 0.026 £0.000 | 0.846 +0.038 0.171+£0.117 0.000 £0.000 | 1.493 £0.365 | 0.604 £ 0.029
Ash (wt%, db) - 55.46 £0.569 12.99 £0.472 - 49.29+£0.213 | 12.39 £0.036
Oxygen (wt%, db) 14.75 £ 0.38 6.21 £0.817 30.72 £0.458 11.56+0.890 | 1.43+0.206 | 31.38+0.216

Table S1: Mean and standard deviations for nitrogen, carbon, hydrogen and sulfur elemental
analysis of manure, bio-oil and biochar for each experiment. These values were used to account
for potential error. All values are dry-basis mass (db = dry-basis). Outliers were removed from %
carbon average and standard deviation calculations for biochar (n=1) and manure (n=2) for
experiment 1.

Product |Mass (kg) | %N (Std Dev) | (mass*%(N/100))* |Mass (kg) % C (Std Dev) (mass*(%C/100))
Manure | 2.573 0.2545 4.2905E-05 2.573 0.5516 2.0154E-04
Biooil 0.378 0.00116 1.9226E-11 0.378 0.00488 3.4027E-10
Biochar | 0.825 0.0215 3.1461E-08 0.825 0.8441 4.8494E-05
Mass Balance N Error Mass Balance C Error
(6N, kg) 0.0065 (6C, kg) 0.01581
Table S2a) Mass balance error propagation for experiment one.
Product | Mass (kg) | %N (Std Dev) | (mass*(%N/100))* | Mass (kg) | % C (Std Dev) (mass*(%C/100))
Manure 4.07 0.1857 5.7123E-05 4.07 0.2526 1.057E-04
Biooil 0.838 0.0011 8.5003E-11 0.838 0.0054 2.048E-09
Biochar 1.14 0.0577 4.3267E-07 1.14 0.2535 8.3515E-06
Mass Balance N Error Mass Balance C Error
(6N, kg) 0.0075 (6C, kg) 0.0106

Table S2b) Mass balance error propagation for experiment two.
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Time (min) | Exhaust Flow (m® min!) | Exhaust (mL min™)
0.00 0.00034 340.20
12.67 0.00028 276.81
23.66 0.00022 224.95
35.00 0.00029 289.00
48.00 0.00036 362.44
66.47 0.00042 421.98
82.01 0.00047 472.08
92.01 0.00038 376.48

100.01 0.00030 300.00
108.01 0.00030 296.25
115.34 0.00029 289.06
121.34 0.00029 290.00
127.67 0.00028 284.66
135.02 0.00028 278.46
140.37 0.00027 273.94
148.67 0.00027 266.93
155.68 0.00026 261.03
162.68 0.00026 255.12
Average 0.00031 308.85
Std Dev 0.00006 62.77

Table S3: Linear interpolation used during flux calculations to account for flow instability.
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Gas CO CO, CH, NO N,O NH;
Slope Range (ppmv/hr) 1-13933 0-39017 0.1-2332.3 0-19.15 0-4.11 0-7111.2
Slope Uncertainty Range
(ppmv/hr) 0-0.15 0.20-4.22  0.0-2.83 0.37-4.95 4 9E-6-4.1E-4 0.05-2.1
% Uncertainty 0-0.01 0-0.02 0-0.16 2.66-46.58  0-0.06 0-0.08
Table S4a) Range of slope estimates, range of slope uncertainty estimates (db) and the percent
uncertainty based on the range of slopes and slope uncertainty estimates for Low Temp (exp 1).
While NO has a large range in %Uncertainty, the majority of measurements have an uncertainty
less than 20% with a median of 13.23%.
Gas CO CO, CH, NO NH;
Slope Range (ppmv/hr) 48 - 94624 40 - 102210 4-11534 0.0097 - 51.32 0 - 6865.7
Slope Uncertainty Range (ppmv/hr) 0.0014-492  0.043-12.34 0-1.98 0-0.002 0.02-0.20
% Uncertainty 0-0.04 0-0.11 0-0.03 0-0.014 0-0.0018

Table S4b) Range of slope estimates, range of slope uncertainty estimates (0b) and the percent
uncertainty based on the range of slopes and slope uncertainty estimates for High Temp (exp 2).
Note N>O was near ambient concentrations for this experiment and therefore not included in
these calculations.
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Gas | F (Cor N kg/min) | AT (min) M (kg) OoF (%) oM (kg)
NO 5.66E-10 110 3.53E-05 0.05 1.76E-06
N,O 797E-11 110 4 97E-06 0.01 4 97E-08
NH; 1.85E-07 110 1.15E-02 02 2.30E-03
CH, 7.18E-08 110 4.47E-03 0.01 4 47E-05
CO, 1.02E-06 110 6.38E-02 0.01 6.38E-04
CcO 3.92E-07 110 2.44E-02 0.01 2.44E-04

Table S5a) Error calculation used for gas flux error propagation where F is the average
slipstream emission rate for each gas as kg of N or C per min, AT is the total experiment time, M
is the estimated total mass emitted (F*AT*ratio of the slipstream:full flow) based on the average
slipstream emission rate. §F is the precision uncertainty (%) of each analyzer used to measure
gas emissions. The error in the mass emitted (6M) is calculated via M* 8F. Table a values are
from low temp (experiment 1).

Gas | F (Cor N kg/min) | AT (min) M (kg) 6F (%) oM (kg)
NO 1.16E-09 159 5.57E-05 0.05 2.78E-06
NH3; 1.67E-07 159 8.00E-03 0.2 1.60E-03
CH4 2.74E-07 159 1.31E-02 0.01 1.31E-04
CO; 2.63E-06 159 1.26E-01 0.01 1.26E-03
CcO 1.67E-06 159 8.03E-02 0.01 8.03E-04

Table S5b) Error calculation used for gas flux error propagation for high temp (experiment 2).

Table S5c¢) Summary table of calculated mass emitted (M) using average experimental emission

M £ §M (kg)

Gas Exp 1 Exp 2

NO | 3.53E-05 =+ 1.76E-06 5.57E-05 £ 2.78E-06
N,O | 4.97E-06 = 4.97E-08 -

NH3 | 1.15E-02 + 2.30E-03 8.00E-03 £+ 1.60E-03
CH4 | 4.47E-03 +£4.47E-05 1.31E-02 + 1.31E-04
CO: | 6.38E-02 + 6.38E-04 1.26E-01 + 1.26E-03
CO | 2.44E-02 +2.44E-04 8.03E-02 + 8.03E-04

rate + the error associated with that mass (§M) for both experiments.
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Error Propagation (between methods) Exp 1 Exp 2
NITROGEN
Mass Balance N Error (6N, kg) 0.0065 0.0075
Gas Flux N Error (6N, kg) 0.0023 0.0016
Total N Error for GF and MB (6 TN, kg) 0.0069 0.0077
CARBON
Mass Balance C Error (6C, kg) 0.0158 0.0106
Gas Flux C Error (6C, kg) 0.0006 0.0015
Total C Error for GF and MB (6 TC, kg) 0.0158 0.0107

Table S6: Error propagation to calculate the uncertainty in N and C based on both methods used
(mass balance vs gas flux) for each experiment. Mass balance values come from 6N and 6C
calculated in Table S2. Gas flux 6N and 6C values were calculated using equation 9 in the text
and the §Ms calculated in Table S5 for each species of N and C to propagate the total N and C
error for this method.

Total Mass Emitted
Species Measured Exp1(kg) Exp1 (kg/day) | Exp 2 (kg) Exp 2 (kg/day)
CO,-C 5.24E-02 6.85E-01 1.19E-01 1.07
CH,-C 4.15E-03 5.44E-02 1.20E-02 1.09E-01
CO-C 2.31E-02 3.02E-01 7.32E-02 6.63E-01
NO-N 3.33E-05 4.36E-04 5.32E-05 4.82E-04
NH;-N 9.67E-03 1.27E-01 7.76E-03 7.03E-02
N,O-N 7.38E-06 9.66E-05 - -

Table S7: Total C or N mass emitted of all carbon and nitrogen species measured (kg C or N)
over 110 minutes (experiment 1) or 159 minutes (experiment 2) and emission rates (kg/day) for
each experiment.

Mass Loss by Method Exp1 | Exp2
MB C+N mass lost (kg) 0.614 | 0.682
GF C+N mass lost (kg) 0.089 | 0.212
difference 0.525| 0.470
MB total C mass lost (kg) | 0.562 | 0.623
GF total C mass lost (kg) | 0.080 | 0.204
difference 0.482 | 0.419
MB total N mass lost (kg) | 0.052 | 0.059
GF total N mass lost (kg) | 0.010 | 0.008
difference 0.042 | 0.051

Table S8: Calculated total masses (kg) of N and C by mass balance (MB) and gas flux (GF) and
the differences in mass by approach for experiments one and two.
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Scaling up NH; Emissions within Chesapeake Bay Watershed
NH; emission rate (our measurement, kg/kg) 14x 1073
Manure applied (kg/yr)!* 8.64 x 10°
Possible NH; emitted (kg) 1.2 x 107
%N (Manure - our measurement) 2.69
Manure Moisture Content 0.275
Dry Manure (kg) 6,264 000,000
Manure N Mass (kg) 168,501,600
Percent Loss as NH; (low estimate) 0.2
Percent Loss as NHj; (high estimate) 0.6
NH; Loss from Total Manure N applied (low, kg) 34x 107
NH; Loss from Total Manure N applied (high, kg) 1.0 x 10%
Pyrolysis Loss Vs Land Application (low, %) 35
Pyrolysis Loss Vs Land Application (high, %) 12

Table S9: Scaling up our measurements, the calculations in the table above emulate a typical
working production schedule at the USDA where we conducted our measurements. The NH3
emission rate of 0.00776 kg per 159 min can be divided by the total mass (5.6 kg) to obtain an
emission rate of 1.4 x 10 kg NH3-N per kg of manure via pyrolysis. Using the total manure
applied annually in the Chesapeake Bay Watershed'4, an estimate for the total amount of NH3
emitted in kg can be quantified by multiplying the emission rate by the total manure applied
annually. Assuming the same manure moisture content and manure %N as in our mass balance
calculations, the dry manure mass and N mass of that manure can be calculated by: Manure
Mass*(1-Moisture Content) and Dry Manure*(%N/100). Finally, as much as 20-60% of total N
applied is emitted as NHs. This was calculated by quantifying the product of Manure N mass*0.2
and Manure N mass*0.6 to obtain the range of possible NH3 emissions from chicken manure soil
applications. Pyrolysis Loss vs Land Application is simply the ratio of pyrolysis NH3 emissions
to NH3 emitted from soil applications to calculate the proportional difference.
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Figure S1: Proportions of each gaseous species (mole percent), for experiment 1 (left) and
experiment 2 (right). Data is presented on a semi-log plot for better visualization for all nitrogen
species. (N0 is not included in the second experiment as it was not detectable above ambient
concentrations.) Note the difference in scales.
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Preamble:

New England’s largest estuary, Narragansett Bay, has a history of poor water quality due
to the onset of industrial activity and sewage effluent management into the Bay, releasing a lot of
nitrogen into this system. Extensive management efforts have been made to reduce
anthropogenic nitrogen nutrient loads (especially from sewage treatment facilities) to minimize
its impact on the ecological stability of the Bay and assess whether these mitigation efforts have
been effective. However, despite major reductions (~60%) in N loads from wastewater treatment
facilities in Rhode Island, Narragansett Bay is still heavily influenced by sewage N loads and
acts as an important food source for portions of the Bay (Oczkowski et al., 2018). In 2016, we
collected two sediment cores in Narragansett Bay downstream from one of the wastewater
treatment facilities to assess whether amendments in wastewater treatment practices were evident
in estuarine sediments using bulk 8'°N. The enrichment in §'°N we observe aligns with a
recently proposed theoretical model supporting the hypothesis that sewage N 1is still an important
nutrient source (Oczkowski et al., 2018, see Figure 10). We present isotopic evidence that
indicates estuarine sediments fit this theoretical model, which has implications for the successful
implementation of mitigation strategies with respect to wastewater management and ecosystem
response. Our intention is to prepare this work for peer-reviewed publication as a short and
punchy “proof of concept” in a journal such as Scientific Reports. The proceeding text consists of
sediment core analyses of metal concentrations (lead, zinc, copper), carbon and nitrogen
sedimentary content and stable isotopic composition in the 2016 cores and complementary cores
within the estuary to tease apart patterns in N and C biogeochemistry. This work is in a
preliminary state and will change considerably prior to publication (except for the data). It 1s

included here to document these efforts and to illustrate the broader aspects of my N studies.
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1. Introduction

Nitrogen is an essential macronutrient to primary production that limits growth in most
marine systems. It is made bioavailable through N»-fixation, and the supply of bioavailable
nitrogen has been dramatically altered due to anthropogenic activities, predominantly fossil fuel
combustion, agricultural fertilizer use, and sewage discharge. These activities have perturbed the
natural nitrogen biogeochemistry in many ecosystems causing nitrogen saturation on land, which
has negative cascading effects such as soil and water acidification, eutrophication and poor air
quality (Fowler et al., 2013). This cycle is commonly referred to as the Nitrogen Cascade
(Galloway et al., 2003) and has been at the forefront of environmental changes in many
ecosystems. In particular, water bodies located near heavily urbanized areas and trading/
shipping ports suffer from nitrogen discharged from industrial activity, urban development, and
sewage infrastructure that contribute to this problem.

Narragansett Bay is a large estuary off the coast of Rhode Island that has a long history of
poor water quality and habitat degradation as a result of industrialization and sewage
management (Nixon, 1997; Bricker, 1993). Since the early 20" century, sewage effluent has
been a major input of nutrients into the bay and dominated the nitrogen-loading budget. Marine
and estuarine habitats are typically thought to be N-limited, and sensitive to any extraneous
nitrogen inputs (Howard and Marine, 2006). This idea is supported by previous work in lower
sections of Narragansett Bay that are proximal to the open ocean (Fulweiler et al., 2007; Nixon,
1997). However, the upper part of Narragansett Bay is not nitrogen-limited. These works ignore
the full extent of estuarine water that penetrates the northern Rhode Island coastline, which
disregards the upper portion of the bay that contributes to high nutrient loading. This upper

section includes the Providence and Seekonk Rivers, which deliver large supplies of nutrients
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from wastewater treatment facilities, surface storm-water runoff, power plants etc. As a result, it
1s important to delineate the bay into upper and lower sections, where water closest to
Providence reflects a nitrogen saturated habitat and water south of Prudence Island is more
nitrogen limited. As a result, a host of ecosystem problems including eutrophication, low
dissolved oxygen and fish kills have had an impact on the upper ecosystem over the course of
many decades, particularly in regions closest to urban activities of Providence. The consequences
of many of these environmental issues have a direct impact on recreational (public use) and
socio-economic (fisheries, shipping) ecosystem services to the region.

In 2012, tertiary treatment at wastewater treatment facilities in the Narragansett Bay
watershed was introduced as an additional step to reduce the nitrogen and phosphorus pollution
discharged into the bay, which previously only used primary and secondary treatment phases.
Prior to tertiary treatment, nitrogen is typically present as ammonia, but this additional step
allows for the conversion of ammonia via nitrification and denitrification to non-toxic nitrate and
dinitrogen gas (Naidoo and Olaniran, 2014). Since initial policy mitigation was enacted to
monitor and cut effluent, pollution has been cut by 60% since the 1970s (Save the Bay, 2000),
which has improved the overall health of the bay, including the opening of recreational beaches
in recent years previously closed due to pollution. However, water quality in many parts of the
bay still represents a major health hazard, unsuitable for swimming, and low oxygen events often
induce anoxic conditions and fish kills. An additional challenge involves the wastewater
treatment facilities located in Massachusetts, which discharge into the Narragansett Bay
watershed, but fall under different jurisdictions. As Duarte et al., (2009) suggests, baseline or
steady state conditions can be challenging to return to in a timely manner after an ecosystem

experiences a perturbation. A 60% reduction in overall effluent over the span of four decades
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might improve the overall nutrient imbalance experienced by the nutrient budget, but it is unclear
how this will continue to affect the bay and whether eutrophic conditions can ever be stopped
entirely.

The Bucklin Point wastewater treatment facility is one of nineteen facilities that
discharge pretreated effluent into waters that flow into Narragansett Bay. Located on the
Seekonk River, it presents an opportunity to observe and assess temporal trends in nitrogen and
carbon biogeochemistry preserved in sedimentary records since the introduction of tertiary
treatment. Using a recently sampled sedimentary record from the Seekonk River, my objective is
to assess the sensitivity of nitrogen and carbon biogeochemical cycles within the northern reach
of the Narragansett Bay Watershed to changes in wastewater treatment that have taken place
from 2012 to present. Particular attention will be paid to nitrogen since it is a driving component
of nutrient loading and eutrophication in this system. This is important if we are to understand
ecosystem sensitivity to nutrient imbalances associated with anthropogenic activities and
sources.

Questions
1) How has the 2012 implementation of tertiary treatment at wastewater treatment facilities
(WWTF) influenced nitrogen cycling/biogeochemistry within sediments downstream
from WWTF discharges in the Narragansett Bay Estuary?
2) Have any shifts in carbon biogeochemistry occurred that suggest a change in productivity
level?
Hypotheses
1) Sediments immediately downstream of the WWTF will preserve an enriched isotopic

nitrogen signature in the top ~10 cm. The implication of an enriched signal is that the
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oxygen conditions are minimized from an influx of nutrients, such that denitrification is
the major oxidation process of organic matter, potentially resulting in more N>O gas
production.

2) While decreases in sewage effluent have improved areas around the bay, productivity
levels will not have changed drastically over a four-year period due to additional nutrient
inputs from surficial runoff, atmospheric deposition, and WWTF discharges from

Massachusetts facilities.

2. Methods
Chemical stratigraphy was used to date a short core sampled in the Seekonk River using a couple
of previously sampled cores from a 2010-2012 transect (Cores 71, 72 and 73). Biogeochemical
patterns in nitrogen and carbon were analyzed using stable isotopes, total abundance and
inorganic and organic C with particular emphasis on nitrogen.
2.1 Bucklin Point Core Collection

Our intention was to collect surficial sediments that would represent sediment
accumulation over the past four years to capture the sedimentary history since tertiary treatment
was implemented. Sedimentation rates are quite variable in the Seekonk River given its history
as a shipping channel, but based on previous work (Prell, personal communication), we
estimated that the top ten centimeters would cover a range of sedimentation rates in the area that
reflect the last four years of sediment accumulation. In March 2016, two short cores (36 and 45
cm in length) were collected in the Seekonk River just downstream from the Bucklin Point
Wastewater Treatment Facility and south of Swan Point. The 2016 cores are referred as Clark71.

Each core was sub-sectioned accordingly for cores one and two (0.5 cm increments in the top 10
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cm followed by 2 cm increments; 1 cm increments in the top 10 cm; followed by 2 cm
increments). All samples were freeze-dried for 24-48 hours and finely homogenized. Samples
were not acidified. Previous work (Murray, D. et al. unpublished data) found CaCOs3 to be
negligible within Seekonk sediments, but more prominent as you move further south in
Narragansett Bay. As a result, it was deemed appropriate to leave samples non-acidified for all
analyses. The elemental/chemical composition and magnetic susceptibility were measured using
x-ray fluorescence (XRF) and a magnetic susceptibility meter. Reflectance was not measured.
2.2 Seekonk River Transect: XRF Cross Correlations

A transect of surficial sediment cores were collected in the Seekonk River in the summers
0f 2010, 2011 and 2012 by Warren Prell, Dave Murray and Joseph Orchardo. These cores were
used to explore the spatial and temporal trends in metal composition, sedimentation rates and
1sotopic composition of the Seekonk River as a way to characterize trends in the upper section of
Narragansett Bay. All cores were measured for elemental and chemical composition, and
magnetic susceptibility using XRF. Cores NB71, NB72 and NB73 were all collected in 2012 and
are closest to the collection site of the Clark71 cores. Of these three NB records, only NB71 was
analyzed for total carbon and nitrogen (TC, TN) and stable isotopes of carbon and nitrogen (8'3C
and 8'°N). Unfortunately, none of these cores were dated using 2'°Pb. The Seekonk River has a
suite of unique sedimentation zones, where sedimentation and accumulation rates vary
depending on the orientation from the channel, which are represented by the sampled cores taken
during this field campaign. X-ray fluorescence data was used to determine correlations between
elemental profiles of lead, zinc and copper concentrations between 2012 cores: NB71, NB72,
NB73 and the Clark71 cores, which were sampled close to the original NB 71 sample site (Table

1). These metals are helpful tools for dating a relative age of the sediment. Lead is a useful
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sediment dating tool to determine the peak and sharp decline of leaded gas use in the 1970s.
Copper is useful for dating World War II because jewelry production ceased during this period
decreasing concentrations of this metal within sediments. All three of these metals are useful for
dating the beginning of the industrial revolution in 1850. These events have consistently been
found within sedimentary records and effective diagnostics for age estimates. Given, the length
of the 2016 cores, it is unlikely that a pre-industrial signal would be present. However, elemental
concentrations of Pb, Cu and Zn can be used to make inferences about similar features among
cores that correspond to age estimates. If correlations can be inferred from the metal profiles and
associated sedimentation rates between core sets, then it may be possible to get a reasonable age
estimate for the 2016 core, which can be applied to an age-depth model, and verify how many
centimeters of sediment represents the tertiary treatment period (2012-2016) based on previously

measured sedimentation rates in the area.

Core Latitude | Longitude | Length(m) | C/N | XRF | 3C/'5N Description of Site

NB71 41.8478 | 71.37635 0.89 X X X Swan Point transect west
Swan Point transect east

NB72 41.84705 | 71.36996 0.96 X (Bucklin)

NB73 41.84826 | 71.37502 1.13 X Swan Point transect center

Clark71 1 | 41.846 71.383 0.45 X X X Swan Point transect west

Clark71 2 | 41.846 71.383 0.36 X X X Swan Point transect west

Table 1: Description of cores collection sites, core length, data available for each core and a
description of the site.

2.3 Elemental analysis: C and N total abundance

Elemental analysis of C and N was conducted to obtain total abundances of nitrogen and

carbon to look at inorganic and organic components in Clark71. The ratio of C:N was derived

from these abundance measurements, which provides useful information about the
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sources/origins of organic matter. In addition, this data was compared to the C and N data
available for the Seekonk records collected in 2012 to see how both records align and what
changes may have occurred. Abundance data was only available for NB71 to make comparisons
with the Clark71 record.
2.4 Inorganic Carbon

Inorganic carbon was measured using coulometry to determine the presence or absence of
inorganic carbon that may interfere with interpretations of the 8'3C isotope data. Using the
inorganic carbon measurement, the difference between total C and inorganic forms were
calculated to obtain a value for the organic portion. If inorganic carbon is present, the
interpretation of the carbon isotope and potentially, the nitrogen isotope record could be
compromised without acidifying and rerunning samples for bulk C and N.
2.5 Bulk stable isotopic analysis: 8'3C and 8"°N

Bulk stable isotopes of C and N have been quantified and were used to interpret
depositional history and changes to biogeochemical cycling with an emphasis on nitrogen in this
low, oxygen reducing environment. Nitrogen isotopes can relay information regarding recycling
pathways utilized in the sediments during organic matter decomposition in oxygenated and
oxygen-limited environments. Denitrification is a dominant metabolic pathway where nitrate is
the favored terminal electron acceptor during the breakdown of organic matter in anaerobic
environments. This pathway is common in nutrient-saturated environments due to the magnitude
of primary production and oxygen consumption during respiration and is reflected by an
enriched isotopic signature (Tesdal et al., 2012). Bacterial processes, such as denitrification and
nitrification, induce large fractionation effects that can be as high as -25 %o (Brandes et al., 1998)

and leaves the remaining substrate enriched in N with typical ranges between 10 to 15 %o
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(Kritee et al., 2012). However, additional environmental characteristics, including oxygen
availability enable the disentanglement of these two processes. The presence of a positive 3'°N is
anticipated during the 2012-2016 period within the Clark71 record.

Carbon isotopes provide information regarding how ecosystem productivity changes over
time (O’Reilly et al., 2003). While acidification of the sediment was not conducted, CaCO; has
been found to be a minor component of the sedimentary record in the Seekonk River to be
concerned with its effects on the interpretation of carbon isotope signatures (Murray et al.,
unpublished data). This may be a result of CaCOj dissolution in acidic soils common in this
environment. Prior to interpreting any isotopic values of carbon, total abundance, inorganic and
organic carbon was quantified to verify the presence of inorganic carbon. The organic portion
was quantified by taking the difference between the total abundance and inorganic portions. If
inorganic carbon is present, the isotopic record for '*C will not be interpreted to avoid false
interpretations of past productivity. O’Leary (1981) recognized that '*C could be used to
distinguish different photosynthetic pathways, where Cs4 plants exhibit values around -12%o0 and
typical 8'3C for C; plants range from -24 to -30%o. Estuarine phytoplankton have typical §'*C
values that range from -35 to -20%o (Bouillon et al., 2011). Knowledge of these pathway
differences can reflect changes in ecosystem productivity where lighter or more negative values
reflect less productive systems and heavier or less negative values reflect high productivity
levels. This is due to ~20%o isotope effect during photosynthesis and assimilation of CO; in
organic matter (O’Leary, 1988). In addition, the fraction of inorganic and organic carbon
components can be calculated using a set isotopic composition for organic and inorganic carbon
based on known isotopic ranges for each end-member. Equation (1) was used to conduct this

calculation, where f'is the percent of organic carbon and 1-f'is the percent of inorganic carbon
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needed to acquire the isotopic change recorded in the surface sediments. The isotopic
composition for organic carbon was set to -26 %o, inorganic carbon was set to 0 %o and the
measured isotopic composition of bulk C from the cores was used for the total C.

(1) Total C = organic C (1-f) + inorganic C (f)

3. Results
3.1 XRF Cross Correlations

Cross correlations for zinc, copper and lead were most useful for making comparisons
between Clark71 and NB71 because they have similar structural integrity and sedimentation rate,
which is logical since they were sampled close to one another. Copper was used to draw ten
initial correlations between concentration and depth then linear interpolation was used to align
both cores (Figure 1). In both copper and lead, a rise in concentration occurs at ~55-60, 50 and
15 ecm (Figure 1, panels 1 and 2). For copper, concentration ranges between the two cores are:
~100-150 ppm, 650-810 ppm and 600-800 ppm, respectively for the depths mentioned above
(Figure 1). Lead concentration ranges at each of these depths are: ~50-200 ppm, 200-220 ppm
and 250-310 ppm (Figure 1). There are less distinguishable peak features in the zinc records, but
there is a distinct increase in concentration levels (50-100 ppm) that correspond with industrial
activity (Figure 1). When these same correlations are made with zinc and lead, some similarity in
structure is apparent, but a more robust dating method and additional correlations are needed to
construct a better age model. Direct correlations between NB71, NB72 and NB73 were
challenging due to different sedimentation rates and less distinguishable concentration features.
NB73 appears to have a higher sedimentation rate than NB71, such that the sediments

represented within the collected core do not contain a pre-industrial signal (Figure 2). While
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concentration levels were comparable in NB71 and NB72 for zinc, copper and lead, concrete
correlations could not easily be distinguished (Figure 3). These discrepancies complicated the

age-depth correlations using XRF data without additional dating techniques.
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Figure 1: XRF elemental compositions for copper, lead and zinc for cores NB71 and Clark71.
NB71 is represented by blue circles. Clark71 is represented by grey circles.
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Figure 2: XRF elemental compositions for copper, lead and zinc for cores NB71 and NB73.

NB71 is represented by blue circles and NB73 is represented by orange circles.
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Figure 3: XRF elemental compositions for copper, lead and zinc for cores NB71 and NB72.
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Unfortunately, none of these cores (NB71, NB72, NB73) have been dated using '°Pb and
have dynamic sedimentation rates presenting challenges for making cross correlations and
effectively dating Clark71. However, a depth-age scale was estimated using lead and copper
concentration profiles for both cores: Clark 71 and NB 71 (Figure 4). Age estimates included on
the scale consist of the beginning of the industrial revolution in 1850, the Clean Air Act and
demise of leaded gasoline in 1973, 2012 and 2016 for the two recent collection dates (Figure 4).

Age (years)
2020 1970 1920 1870 1820

10 1

20 1

30 1

Depth (cm)

40 1

50 1

60 1 .

70
Figure 4: Age-Depth model using elemental concentration data for copper, zinc and lead. Age
estimates included on this scale include: 2016, 2012, 1973 and 1850.
3.2 Elemental analysis: C and N total abundance

Elemental analyses were conducted for both Clark 71 and NB 71. Unfortunately, NB 72
and NB 73 do not have total abundance data available to include in this analysis. Percent carbon
and nitrogen exhibit increasing trends that range from 0.37-12.94% and 0.01-0.57%, respectively
for NB 71 (Figure 5). Clark 71 had percent C values that ranged from 2.66-10.54% and percent
N values that ranged from 0.17-0.57% (Figure 5). Clark 71 exhibited total carbon values that

ranged from 26.40 — 92.69 mg C, while total nitrogen ranged from 1.71-5.69 mg N (Figure 5).
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Similarly, total C ranged from 3.26-112.44 mg and total N ranged from 0.13-5.13 mg for NB 71
(Figure 5). While these values fluctuate throughout the cores, there is a general increasing trend
in total C and total N from the bottom to the top of the core. C:N ratios range from 15.49-39.40
in NB 71 while Clark 71 C:N ratios range from 13.31-20.46 (Figure 6). In both cores, C:N ratios
remain stable between 15-20 in the most recent past (~5 cm) (Figure 6). These trends in carbon
and nitrogen correlate with nutrient inputs from anthropogenic activity and land use changes.
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Figure 5: Four panel plot from left to right: 1) Total N, 2) Total C, 3) %N, 4) %C. All
components are plotted against depth. NB71 is represented by grey triangles, while Clark71,
cores 1 and 2 are represented by blue and orange circles.

230



10

20

30

Depth (cm)
S
o

U1
o

60

70

80

90

C:N

50

o\
v e

10

20

30

40

50

60

70

80

90

SN (%o)

3

8

13

10

20

30

40

50

60

70

80

90

-28

-24

S13C (%o)
-26
O
(@]
@)
a
O
(O]
@)
Qe
(@]
Q
Q
(0]
O
o

Figure 6: Three panel plot of C:N, 8'°N, and 8'3C versus depth. Grey triangles represent NB71.
Blue circles represent Clark71, core 1 and yellow circles represent Clark71, core 2.

3.3 Inorganic Carbon

Of the 19 samples measured for inorganic carbon in Clark71, all exhibited very low/trace

amounts of inorganic carbon near the top and bottom core sections. Low inorganic carbon

suggests that the interpretation of the bulk C and N isotopic signatures will not be compromised

due to the presence of carbonate in the sediments, because minimal carbonate appears to be
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present within the record. Organic carbon values ranged from ~26,000-82,000 ppm while
inorganic carbon values were as little as ~17-284 ppm. Organic carbon is the dominant form of
carbon present within these sediment samples and comprises as much as 99% of the total carbon
content in the majority of samples.
3.4 Bulk stable isotopic analysis: 8'3C and 8'°N

813C values range from -26 to -24 %o while 8'°N values range from 5 to 8.8 %o in Clark71
(Figure 6). In contrast, the 5'3C values range from -28 to -24.4%o while 3'°N values range from
4.1 t0 6.5 %o in NB71 (Figure 6). Below 50 cm, NB71 exhibits a depleted signal in both isotopes,
which may reflect changes in source loading and productivity pathways. Above 50 cm, NB71
has comparable 5'°C and 8"°N values with Clark71 (described above). However, in the top few
centimeters of surface sediment, the cores deviate by ~1-2 %o shift in 8'3C and 8'°N. This is
evident in ~2 %o enrichment in >N from 6.9 to 8.8 %o and ~1 %o from -25.6 to -24.5 %o
enrichment in '*C (Figure 6). Given a low sedimentation rate of ~0.36-0.38 cm yr!, it is
estimated that 1.4-1.5 cm of sediment represents the 4-year hiatus between core collections. To
obtain a 1%o change in the carbon content, 94.24% of organic carbon and 5.76% of inorganic

carbon would need to be added to obtain the isotopic signature measured within the sediments.

4. Discussion

Due to its position downstream from the Bucklin Wastewater Treatment Plant, the cores
collected in 2012 (NB71) and 2016 (Clark71) comprise a comprehensive view at biogeochemical
changes occurring within the ecosystem since the implementation of tertiary treatment. Low in

oxygen content and high in organic matter, this site promotes ideal conditions for microbial
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denitrification and alterations in productivity. However, slow sedimentation rates might present
challenges in visualizing changes in the sedimentary record since 2012.

While there are limitations with the current age model, the estimated range of
sedimentation rates for Clark71 and NB71 include ~0.36-0.38 ¢cm yr! using 2016, 2012, 1973
and 1850 as reference dates. Within the last four years of sediment accumulation, ~1.4-1.5 cm
was deposited at the collection site of Clark71. Within these surficial sediments, isotopic shifts of
1-2 %o are evident in enriched "N and '3C. These enriched isotopic signals are representative of
denitrification and a slight increase in productivity levels from previous years. The implication of
these findings suggests that microbial denitrification has increased with tertiary treatment and
stimulates primary production. As a result, this reduces the amount of nitrate accessible within
the ecosystem and increases the amount of N> or N>O released into the atmosphere. While this
might minimize nitrogen pollution within Narragansett Bay, this could be a potential source of
greenhouse gas emissions that have consequences for climate change. However, this is
contingent on what fraction is released as N2 gas vs N2O.

Above 50 ¢cm, both profiles show a steady depletion in 1*C (27 to -24%o), while §'°N (3
to 7 %o) is fairly stable up until the recent past (e.g. 2012-2016) where 8'°N becomes more
positive (7 to 8.8 %o). This may reflect the reductions made in nitrogen loading from wastewater
treatment facilities prior to tertiary treatment in 2012, which have minimized nitrogen pollution
by 60% (Save the Bay, 2000). However, urban runoff and atmospheric deposition still supply
nutrient sources (Vadeboncoeur et al., 2010). Though unclear how large of role they play
(Vadeboncoeur et al., 2010), it is likely significant, especially with changes in amount and
severity of precipitation events with impending changes in regional and global climate. The

depleted carbon signature might reflect a decrease in productivity or a shift in the algal
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community.

Relative to carbon, nitrogen content is low in the Seekonk River (Figure 5). Total C and
N levels begin increasing around the industrial revolution when anthropogenic activities began to
ramp up around Narragansett Bay, which was an active shipping and trading port at the time.
Around the 1970s, they reached their peak and have begun to taper off in the past few decades
(Figure 5). This suggests that around 1973, a surplus of organic matter may have originated from
terrestrial/anthropogenic sources reflecting peak productivity, but as nutrient loading was
reduced nitrogen became more limiting and minimized primary production slightly. C:N ratios in
both cores increase from 13 — 20 from the surface to 16 cm (Figure 6). Organic matter
mineralization and long-term diagenesis are responsible for values closer to 20, while C:N ratios
closer to 15 might reflect algal growth in more nitrogen limited water. However, it is important
to remember that the upper portion of the bay is not nitrogen limited. This system is dominated
by organic carbon, which makes up ~95-99% of most sediments sampled, while inorganic
carbon comprises as little as 5%. As a result of microbial respiration and release of CO», acidic
conditions may result in dissolution and poor preservation of any inorganic carbon present in
Seekonk depositional environments. Due to high nutrient loading, primary production enables
organic matter synthesis and CO, sequestration, but acidified conditions suppress inorganic
carbon pools within the Seekonk River.

Before the 1970s (e.g. below 50 cm), both isotopes fluctuate toward more depleted and
enriched values. The presence of low, negative §'°N, -2 to 1 %o, values suggests that atmospheric
deposition of nitrogen oxides from fossil fuel combustion may have had a larger influence after
1850 or that N>-fixation was important during periods of low nitrogen availability in this system

prior to intensified nutrient loading. Fluctuations in 8'*C, -27 to -25%o, suggest that there were
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natural periods of low and high productivity that relied on autochthonous sources of nutrient
inputs characteristic of estuarine phytoplankton and Cs plants. Total C and N, C:N ratios, % N
and %C all reflect a steep transition from background levels of these elements within the
environment to an ecosystem experiencing drastic changes due to industrialization, urban
pollution and land-use changes.

In sum, the isotopic shift present in the surface sediments of Clark71 corresponds well
with the implemented 2012 policy changes in wastewater treatment. The environmental response
is evident within the sediment during this short time frame and microbial denitrification is taking
place. It also appears that the carbon cycle is responding with a shift toward a more productive
system with 8'3C signatures reflective of C3 photosynthetic pathways and estuarine
phytoplankton (Bouillon et al., 2011). This indicates that the environment is capable of adapting
quickly after environmental perturbations, such as shifts in nutrient availability, to establish a
new state of equilibrium (Duarte et al., 2009). Incorporating 2!°Pb dates or '*C values would
improve our age model and the interpretation of the carbon and nitrogen data. Isotopic analysis
and elemental analysis of the remaining Seekonk Cores collected in 2012 would provide
additional context for interpreting changes in productivity, nutrient loading and metabolic
pathways in the past. Additional cores would need to be sampled downstream from other
Narragansett Bay WWTFs to validate the occurrence and role of microbial denitrification within
the estuary. A comprehensive and rigorous analysis of all cores would verify whether tertiary
treatment practices promote substantial off-gassing of N>O to the atmosphere, as well as, how
these changes will alter the carbon and nitrogen biogeochemistry of a region that seeks a healthy

estuarine environment.
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